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ABSTRACT 
The treatment and disposal of  o i l  sludge represents major challenges for oil 
industries and municipal ities. The oil sludge consumes high portion of oil industries' 
budget. Several destruction and conventional technologies such as incineration, 
landfill  and biological treaunent have been used to treat oil sludge. However, most of 
these technologies have not been commercial ly practical due to some limitations 
including efficiency, ease of operation and cost or not being friendly to the 
environment. 
Supercritical Water Oxidation (SCWO) provides a powerful means to 
transform toxic organic materials into simple, relatively inert oxides. In this thesis, 
treatment of oil sludge by using SCWO was performed in a micro reactor via a 
continuous process system at reaction temperatures between 340-460oC and 
pressures between 200-300 bar in which 340°C and 200 bar are points near the 
critical point of water, flow rates between 1 -5 ml/min, which indicates reaction times 
between 2- 1 0  minutes. The effect of operating conditions namely temperature, 
pressure, flow rate/residence time of the reaction, excess oxygen (02) and initial 
concentration of oil sludge in the sample were investigated to evaluate their 
influence on Total Organic Carbon (TO C) removal rate and find out an optimal 
operating conditions for such process. 
The results revealed that 99.6% removal rate of TOC can be achieved at both 
supercritical conditions and near the critical point of water. TOC removal rate 
remained constant with increase of al l above examined parameters at both 
vii 
upercritical conditions and near the critical point of water. This can be attributed to 
the nature and complexity of the oil sludge sample. instantaneous nature of the 
reaction at both supercritical conditions and near the critical point of water and 
eparation of feedstock during injection process. Moreover, the counterbalancing 
effect of different properties on SCW and complete oxidation of oil sludge have also 
contributed to the insignificant variation on TOC removal. 
Carbon Dioxide (C02) was the main carbon product of both reactions of 
supercritical and near the critical point with very small amounts of inorganic carbon 
species dissolved in the liquid effluent . Similar to TOC removal rate, all the 
parameters studied had no considerable effect on CO and CO2 yields at both 
conditions. The peak amount of 99.4% of CO2 and 0% of CO yields were achieved. 
Hence, SCWO can be considered as an alternative environmentally attractive 
technology with a unique characteristic that can be uti l ized for the complete 
destruction of oi l  sludge . Even though operating conditions of the process near the 
critical point of water wil l  lead to desired results. The thesis also includes some 
suggestions for further research to continue the development of this technology and 
consolidate the process at industrial scale. 
Keywords: oi l  sludge, supercritical water oxidation, supercritical and subcritical 
conditions, continuous process system, complete destruction. 
Vlll 
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1.0 I NT RO DUCT I O N  
1.1 Preface 
2 
The rising quality of l ife and high rates of resource consumption patterns 
have had unintended and negative impacts on the environment through the 
generation of various type of waste which is far beyond the handling capacities of 
industries, governments and environmental agencies. Industries are now struggling 
with the problems of high volumes of organic waste, the costs involved, the disposal 
technologies and methodologies, and the impacts of organic waste on the local and 
global environment. 
In oil industries and refineries, a considerable quantity of oil sludge is 
generated from different processes. The mam sources of oil sludge may include 
bottom of oil  storage tanks, bottom of Oil Water Separators (OWS), slop generated 
during tank and pipeline cleaning, oi l  spi l ls ,  oi l  residues and other sources. However, 
most of oi l  sludge is generated during cleaning of oil  storage tanks. 
Oil sludge varies widely in composition. It is a complex mixture consisting of 
oi ly matter, water and mineral components (sand, c lay, silt, etc . ) . The ratio of these 
components varies over extremely Vvide l imits depending on the type of oi l ,  source, 
the processing scheme, and the equipment and reagents used in wastewater 
treatment. 
In general, oi l  sludge may be defined as heavy oil  residues with average 
contents ( in wt %) of 1 0-56% oily matter, 30-85% water, and 1 3 -46% particulates. 
The oi ly matter is a mixture of components, mainly hydrocarbons including alkanes, 
aromatics, resins and asphaltenes which are toxins [ 1 ] .  
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Oil sludge is designated as hazardous waste in US Resource Conservation 
and Recover Act (RCRA), and repre ents a major source of several contaminants 
that pollute ea, soil and ground water (e .g.  petrolelUTI hydrocarbons, metals), and the 
air (e .g .  volatile organic compounds) [2] . 
The degradation of the environment due to discharge of polluting oil sludge 
from indu trial sources is a real problem in several countries. As mentioned above 
oil  sludge contains toxins and when spil led into the sea creates a major threat to all 
forms of aquatic l ife. In addition, contaminated fish is a serious health risk when 
eaten by humans. 
When oil gets into the soi l  as a result of oil s ludge burial, wastewater 
discharge, or accidental spil ls, it seeps downward under the influence of gravitational 
forces and spreads laterally under the influence of surface and capil lary forces. When 
the oi l  moves vertically along the soi l  profile, a chromatographic effect is created, 
leading to differentiation of oil  composition: in the upper humus layer, high 
molecular weight components containing large amounts of resins and asphaltenes 
and cyclic compounds are sorbed; the material penetrating into the lower levels 
consist mostly of low molecular weight compounds. In comparison with the 
macromolecular materials, the light materials have higher water solubi l i ty and 
diffusivity [ 1 ] . L ight hydrocarbons are highly toxic . Microorganisms poorly 
assimilate them, and hence they are retained for long periods in the lower parts of the 
soil profile, under anaerobic conditions. The light fractions consist mostly of CS-Cll 
[ 1 ] . Therefore, the release of these components to the environment is strictly 
control led by legislative and regulatory bodies in different countries. 
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Typically, oil sludge can be treated and handled via several methods and 
technologies including landfi ll, biological treatment and incineration. However, most 
of these technologie have not been commercial l practical due to some limitations 
including efficiency, ease of operation and cost or not being friendly to the 
environment attributable to generating secondary pol lutants. These problems have 
provided a window of opportunity for industries, governments and environmental 
agencies to find solutions involving innovative technologies and disposal methods, 
behavior changes, and awareness rising. 
There is a c lear need for using a better approach towards waste disposal that 
would consume low energy and technology resources, minimize environmental 
impacts and reconcile investment costs with long-term goals .  Supercritical Water 
Oxidation (SCWO) has been proposed as a technology capable of destroying a very 
wide range of toxic organic waste. It has been drawing much attention compared to 
other historic and innovative disposal methods not only due to its effective 
destruction capability of a large variety of high-risk organic waste resulting from 
complex oil and chemical industries, but because it has a strong impact on society, 
the environment and the economy. and is termed a sustainable technology [3). 
1.2 0 b j ectives 
5 
upercritical Water Oxidation ( CWO) is an alternative technology that can 
be u ed to convert toxic organic materials into simple, relatively inert oxides. 0 er 
the past decade, the understanding of the fundamental chemistry of this process has 
increased markedly. Many fascinating research papers are appearing from 
laboratorie around the world on the use of this technique for the decomposition of a 
variety of waste inc luding organic waste [ 3 ] .  Based on the literature, the process has 
been successfully applied to different types of organic wastes. However, there are 
very l imited references on using sewo to treat particularly oil sludge. Moreover, 
continuous process has not been applied for the treatment of oil sludge in the past. 
Therefore, the overall objective of this thesis is to uti l ize sewo method to treat oil 
sludge i .e. generated from Oil Terminal ' s  processes. The specific objectives of this 
thesis are to: 
• Develop and set-up a continuous process system to treat the oil  sludge in order to 
achieve high TOe removal rate i .e. acceptable to regulatory authorities. 
• Study the effect of operating conditions namely temperature pressure, t10w 
rate/reaction time, excess of O2 and initial concentration of oil  sludge in the 
sample on TOe removal and fmd the optimal operating condition for such 
process. 
6 
1.3 Su percritical F lu ids 
A supercritical fluid ( SCF) is  formed when the fluid is heated and pressurized 
to above its critical point where gases and liquids can coexist. It shows unique 
propertie that are different from those of either gases or l iquids under standard 
conditions. Figure 1 . 1  is a phase diagram of a pure substance showing i ts various 





Figure 1.1 P-T Phase diagram of a pure substance 
In the P-T phase diagram, the vapor pressure curve indicates the conditions 
under which the vapor and l iquid coexist, and the critical point at which the 
distinction between vapor and l iquid disappears. If the liquid is heated at a constant 
pressure exceeding the critical pressure, it expands and reaches a vapor-like state 
v.ithout undergoing a phase transition. In the supercritical region, a state of liquid-
like density can transform into one of vapor-l ike density, by tuning the pressure or 
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temperature, without the appearance of an interface. The farther from the critical 
point. the easier it i to gentl manipulate the density by tuning the pressure or 
temperature. In the supercritical region, a range of intermediate density states can be 
reached which are not avai lable at sub-critical temperatures and pressures. 
A upercritical fluid (SCF) has both the gaseous property of being able to 
penetrate porous media, and the l iquid property of being able to dissolve materials .  
In addition, a supercritical fluid offers the advantage of being able to change density 
to a great extent in a continuous manner. The most interesting characteristics of a 
SCF on which are all the SCF processes are based on is  related to their "tunabil ity" 
\}Vith pressure and temperature, especial l of the tunabil ity of their solvent power [4] . 
Many excel lent review articles and books are avai lable on supercritical fluid 
technology [5-8 ] . The main properties of SCF will be discussed in the next sections. 
1.3.1 Polarity 
Solvents are classified into polar and non-polar molecules. This depends on 
their abi lity to dissolve polar and non-polar molecules. Water is the most polar 
solvent, dissolving all kinds of compounds that can be ionized or that contain 
hydrophilic moieties l ike sugars, proteins, amino-acids, etc . On the contrary organic 
solvents l ike l ight alkanes (hexane, heptane, etc . )  or chlorinated hydrocarbons do not 
dissolve these compounds, but only hydrophobic molecules that are not at all soluble 
in water l ike fats, oils, hydrocarbons, essential oils, etc . Such solvents are cal led non­
polar solvents. Other solvents l ike alcohols, amines, ketones, etc . exhibit 
intermediate behavior. Most supercritical fluids behave l ike non-polar solvents 
exhibiting a strong affinity with l ipids and hydrocarbons, but a weak affinity with 
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ox genated or hydrox lated molecule . However, it is po sible to tune the polarity of 
CF by adding a polar co- 01 ent (ethanol or l ight alcohols, esters or ketones) [9] . 
1 .3.2 Solvent Power 
The association between molecules of solute and solvent is  known as 
solvation or solvent power. However, the maximum amount of substance/solute that 
can be dissolved in a solvent is cal led its solubi l i ty [10] . It is generally found that an 
inorganic or polar substance such as salt generally dissolves in a polar solvent such 
as water. On the other hand, a non-polar compound such as an al iphatic hydrocarbon 
dissolves in a non-polar solvent such as hexane. 
Supercritical fluids are useful for their solvent power. However this power 
depends on temperature and pressure of the SCF. While designing the SCF process, 
solubil ity of the avai lable compounds is taken into consideration. Needless to say 
that, for theoretical calculations, data pertaining to simple compounds is avai lable. 
However, in practice the SCF is uti l ized to process a mixture of compounds. It is 
therefore very difficult to design SCFs based on these data alone. Bartle and 
coworkers [ 1 1 ]  have compiled a large data on solubi l ity of various solids and l iquids 
in supercritical carbon dioxide and is considered a useful source of initial data for 
plant design. 
The compound's volati lity and SCF solvating power are the two major 
factors that determine the solubil ity of a compound in SCF. Supercritical fluid's 
solvent power is primarily a function of density. In general, higher densities result in 
higher solvent power. These higher densities are most readily achieved through 
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increasing pre ure. Ho ever, temperature is an important variable in compound 
solubil ity ince the volati l ity of a compound is directly related to temperature. 
The olubil ity of a solid or semi-solid in a l iquid is related to the heat of 
fu ion of the solid and the temperature of the solution. Increase in solution 
temperature v.i l l  increase the mole fraction of the dissolved solute. In a SCF system 
at constant pres ure, the solubi l ity of a solute wi l l  fal l  initially with increasing 
temperature because the SCF density decrease, and hence its solvent power 
decreases with increasing temperature . However, as the temperature rises, the 
volati lity also rises and eventual ly this effect exceeds the effect of the fal ling 
solvation and the solubility rises. 
Solubility can also be enhanced by the presence of other compounds. This 
phenomenon is caused by one or more compounds acting as solubil ity enhancers for 
other compounds present on a surface.  This phenomenon is sometimes cal led the 
local co-solvent effect. A typical method of enhancing contaminant solubi lity is  
through the addition of a small amount of secondary solvent to the SCF system [ 1 1 -
1 3 ] .  
1.3.3 Transport Properties 
The transport properties of SCFs are very attractive as they are dense as 
l iquids but transportable l ike gases with very low viscosity and intermediate 
diffusivity . So, mass transfer (and similarly heat transfer) is fast in SCFs in 
comparison with l iquids. Moreover, SCFs rapidly diffuse in porous media, easing 
extraction from solid material s and impregnation of solutes into porous media [ 1 4] .  
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Table 1.1 shows physical properties of typical gases, liquids and SCFs. As it 
can be seen, CFs ha e den it ies simi lar to l iquids but viscosity and diffusivities 
similar to gases. 
Table 1.1 Comparison of the physical properties of a typical gas. liquid and supercritical fluid [9] 
Physical Property 
Density p (kg ill .3) 
Dynamic V iscosity I.l (mPa.s) 
Kinematic Viscosity 11a x l 06 (m2s'l) 
Thermal Conductivit) A. (W mK)b 
Diffusion Coefficient D x 1 06 (mls·l) 
Surface Tension cr (dynlcm2) 
Notes: 




0 .0 1 -0.3 
5-500 




SCF (Te• Pc) 
(Tambient) 
200-500 600- 1 600 
0 .0 1 -0.03 0.2-3 
0.2-0 . 1 0. 1 -5 
Max irn umb 0 . 1 -0.2 
0.7 0 .0002-0.002 
- 20-40 
"Thermal Conductivity presents maximum values in the near-critical region. h igh ly dependent on 
temperature. 
1.3.4 Common Supercritical Fluids 
Table 1.2 shows the critical properties of some of the common supercritical 
fluids used in supercritical processes. 
Table 1.2 Critical properties of fluids of interest in supercritical processes [4] 
Critical Temperatu re Critica l Pressu re Critical Density 
F lu id 
eC) (ba r) (kg/m3) 
Carbon Dioxide 30.9782 73 .773 467 .6 
Ethane 32. 1 8  48.7 1 8  207 
Propane 96.675 42.4766 220 
Water 373 .946 220.640 322 
Ammonia 1 32 .25 1 1 3 .330 225 
n-Hexane 234.67 30.340 233 . 1 8  
Methanol 239.5 8 1 .035 280 
1 1  
Carbon dio ide (C02) is a very popular supercritical fluid for several reasons, 
the primary being its low cost and avai labi l ity. The critical temperature of CO2 is 
only 30.97°C which i close to ambient temperature. Besides it can reach critical 
pre sure at only 73 .77 bar. C C02 is a non-polar solvent which is neither toxic nor 
po es any danger to the environment. Though CO2 by itself is not a good solvent for 
hydrophil ic compounds like sugars and proteins. salts and metals, this can be 
overcome by using a suitable co-solvent. A co-solvent modifies the solvent power of 
the main fluid, which can help to dissolve polar molecules. Ethanol is widely used as 
a co-solvent due to its a ailabil ity at an economical price [ 1 2-15 ] .  
Water requires very high pressure (220.64 bar) and temperature (373 .94°C )  to 
become supercritical . Other compounds can achieve critical state even at 50-60 bar. 
However, one of the advantages of water is its capabil ity to dissolve even gases at 
supercritical state [14] . 
1.4 Properties of Supe rc ri tical Water 
Water is cheap and non-toxic and i t  is neither combustible nor explosive and 
it is environmentally friendly. Water could be used as a substitute for some other 
solvents in chemical reactions and thus contributes to waste reduction. Since the 
water molecule is not l inear and the oxygen atom has a higher electronegativity than 
hydrogen atoms, it carries a sl ight negative charge, whereas the hydrogen atoms are 
slightly positive. As a result, water is a polar molecule with an electrical dipole 
moment. 
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Ever, fluid has a vaporization curve, a critical point. and a supercritical fluid 
region. Figure 1.2 hows the pha e diagram/vapor pressure curve of pure water as a 
function of temperature. It ends at the critical point 3 73 .94°C and 220.64 bar. The 
supercritical region tart at temperatures and pressures higher than the critical point. 
3:0 
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T", = 3 .... 3 .9�6cC 
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Figure 1 .2 Phase d iagram of pure water 
Above the critical temperature and pressure, the properties of water are quite 
different from those of the normal l iquid or steam at atmospheric pressure. 
Supercritical water is considered to be a great medium in which to perfom1 chemical 
reactions. Due to its unique thermo-physico-chemical properties, supercritical water 
is able to play the role of solvent for organic compounds and/or to react with them. 
These specific properties have been used since the 1990s to develop new 
technologies dedicated to the environment and energy [16] . 
Water becomes supercritical at a temperature and pressure greater than 
373 .94°C and 220.64 bar respectively. Supercritical water has l iquid-l ike density 
1 3  
and gas-l ike tran port properties, and behaves very differently than it does at room 
temperature. For example, it is highly non-polar, permitting complete solubil ization 
of most organic compounds and oxygen. Supercritical water does not have many of 
the conventional transport limitations that are encountered in multiphase reactors. 
However. polar species, such as inorganic salts, are no longer soluble in supercritical 
water and start precipitating. The physiochemical properties of water. such as 
viscosity, density, and heat capacity change dramatically in the supercritical region 
with only a small change in temperature or pressure. 
F igure 1 . 3 shows the density and dielectric constant of water, indicating a 
significant change near the critical point. Dielectric constants of typical organic 
solvents are also shown on the figure. 
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Figu re 1.3 Physical properties of water VS. temperature at 240 bar [ 1 7] 
The dielectric constant of a substance is a measure of the relative 
effectiveness of that substance as an electrical insulator. It is related to the interaction 
level among the molecules of a fluid, the dipole moment and the polar orientation. 
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Dielectric constant i s  also related to the polarity of the solvent . As i t  can be seen, the 
polarity of water changes from highly polar to non-polar values as water goes from 
l iquid state to supercritical state. For example, at 240 bar, the dielectric behavior of 
water i similar to that of methanol at 200°C, it is simi lar to that of acetone at 300°C, 
and it is simi lar to that of hexane at 500°C . Dielectric constant diminishes strongly 
\vith the increase in temperature and decrease in density in the supercritical region as 
show11 in Figure 1 .4 .  On the other hand, dielectric constant increases with the 
increase in pressure in supercritical region as presented in Figure 1 .5 .  In addition to 
the unusual dielectric behavior, transport properties of water are significantly 
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Figure 1 .4 The d ielectric constant of water [ 1 8] 
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Figure 1 .5 Effect of pressure on d ie lectric constant of water [ 1 8] 
Table 1 .3 Comparison between ambient and supercritical waters [ 1 7] 
Property Ambient Water Su oercritica l Water 
Dielectric constant 78 <5 
Solubi lity of organic compounds Very low Fully m iscible 
Solubi l ity of oxygen 6 ppm Fully m iscible 
olubil ity of inorganic compounds Very high -0 
Diffusivity (cm� sec) 1 0.5 1 0.
3 
Viscosity (g crn/sec) 1 0.
2 
1 0-4 
Density (g cm3) 1 02-0.9 
At room conditions, l iquid water has a high dielectric constant of 78, not only 
due to the dipoles of individual molecules, but also to molecules association due to 
hydrogen bonding. 
At supercritical conditions, water changes its structure and most of the 
intermolecular associations are broken, causing the decrease of its dielectric constant 
and changing polar interactions into dipole - dipole interactions [17 ] .  
The unique propertie of upercritical water have led to the following: 
• upercritical Water Oxidation ( SCWO). 
• Supercritical Water Biomass Gasification ( CWBG) .  
16 
• Hydroly i of Polymers III upercritical Water ( HPSCW) for 
composi tes/plastics recycl ing. 
ince, the main focus of this study is on Supercritical Water Oxidation (SCWO) of 
oil  sludge, the principles of only SCWO, its applications and future industrial 
development wil l  be explained. 
1 .5 Su percritical Water Oxidation (SCWO) 
Due to increased awareness of environmental issues and stricter government 
legislations, the disposal of organic, hazardous and toxic wastes have assumed 
greater importance [19, 20, 2 1 ] .  Furthermore, stricter environmental regulations have 
targeted destruction of some compounds found in the waste up to 99.99% [22 ) .  Total 
concentration of organic compounds in wastewater streams must comply with a 
maximum of 125 mg/L of chemical oxygen demand while in the case of total 
nitrogen, the latest European Union regulations maximum permissible discharge 
l imits have been set at 1 5  mg/L [23, 24) . At the federal and local level within UAB 
and Dubai in particular strict regulations l imits have been set to control the industrial 
wastewater discharge activities and safeguard the marine and land environment. 
Table 1.4 shows some of the set maximum wastewater discharge limits in UAB. 
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Table 1 .4 Maximum wastewater discharge l imits in UAE 
Parameter Maximum Al lowable Limit (me/L) Reference 
Characteristics of treated industrial wastewater at point of d ischarge into the sea 
Chemical Oxygen Demand (COD) 1 00 
Halogenated Hydrocarbons and Pesticides Nil  
Hydrocarbons I S  
Oil and Grease 1 0  [2S] 
Phenols 0. 1 
Solvent None 
Total Organic Carbon (TO C) 7S 
Accepted l imits of treated wastewater for restricted and unrestricted irrigation 
Chemical Oxygen Demand (COD) 
I SO for unrestricted irrigation 
200 for restricted irrigation 
Oil and Grease 
o. � for unrestricted irrigation 
[26] 
O.S for restricted irrigation 
Phenols (Total) 
0.00 I unrestricted irrigation 
0 .002 restricted irrigation 
L im its for reuse and d ischarge of wastewater to land 
Chemical Oxygen Demand (COD) 1 00 
Oi l  and Grease S 
[27] 
Phenols 1 
Organic N itrogen 1 0  
Conventional technologies are not capable to del iver the results to comply 
""1th these regulations. Moreover, they cannot be applied across the board for all 
kinds of wastes. Therefore, new technologies must be explored to meet even stricter 
demands to c lean the environment . Supercritical Water Oxidation (SCWO) is one 
such avenue to be explored. 
The concept behind Supercritical Water Oxidation (SCWO) was invented and 
patented by Dr. Michael Modell  while he was at the Massachusetts Institute of 
Technology. During the 1 970s, he advised NASA on waste treatment in space. In  
that work, he saw the need for the complete recycling of water, oxygen, and waste 
materials for a space colony and concluded that the same principles would apply to 
better protect the environment on earth [28] .  
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Organic materials (food, bacteria, hazardous chemicals, etc . )  are insoluble in 
nonnal ater. but when mi ed with supercritical water. they rapidly dissolve and 
refonn into simple molecules such as hydrocarbon gases and alcohols. When oxygen 
is added, the refonned organics are fully oxidized; they react with oxygen to fonn 
carbon dioxide and water. Inorganic matters (minerals. salts, metals, etc . )  fonn metal 
oxides and salt. 
The most desirable end products of SCWO waste treatment are CO2 and 
water (from the organics) and minerals and metals ( from the inorganics), all of which 
are reusable. The process also generates a significant amount of heat energy, which 
can be captured and used to generate electricity . The process operates at 
temperatures and pressures that far exceed previous temperature/pressure-based 
systems and 99.9% of the organics contained within the waste flow entering the 
reactor are destroyed. The need for downstream dewatering, odorous decant tanks, 
and problems that hinder previous wet oxidation processes are eliminated. 
SCWO holds significant promise as the next generation of sludge treatment 
technology. Cost estimates for treatment via SCWO range from $300-$400 per dry 
ton without energy recovery or capture of CO2. With energy recovery and 
capture/sale of C02. cost estimates range from $ 1 50-$200 per dry ton [29] .  
I n  1 980, Dr .  Modell discovered that organics in water could be oxidized very 
effectively at temperatures of 482.2 to 648 .89 °C and a pressure of 255 . 1 2  bar, under 
conditions where pure water is a supercritical fluid [30] .  
Subsequent research and development was directed at proving that virtually 
every organic compound could be oxidized to ultrahigh efficiencies (e.g. ,  99.9 to 
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99.9999% con er ion of carbon to CO2) in CWO without fonnation of 0.\ and 
without the need for a stack. The discovery of the new phenomena was patented 
(Modell ,  1 982) [30] .  Robert Shaw et al .  have done pioneering work in this field 
e pecially in the dispo al of extremely toxic and hazardous materials such as 
chemical warfare agents [3 1 ] . 
onnally, l iquid water is  a polar solvent, but at supercritical state, the 
characteristics of water are completely altered. It shows gas l ike properties with high 
diffusion rate which promotes mass transfer whi le simultaneously promoting 
solvation due to high density reflected by liquid like characteristic .  Thus, chlorinated 
hydrocarbons are easily dissolved al lowing single phase reaction of l iquid waste. 
This also helps salts to precipitate which can be further treated and decomposed 
using conventional methods [ 3 ] .  
When oxygen is  injected into the SCW with organic wastes, the organic 
wastes are oxidized and completely destroyed to carbon dioxide (C02 and water 
( H20). Therefore, SCWO can be c lassified as a green process or a c lean technology 
[3 ] .  F igure 1 .6 shows the basic principle of the SCWO process. 
H-C-N Compollnd::: 




SOlU ce of 
O:\-ygeJl (1 ) 
• 
\\':1tel ( H2O )  
l :1l bon DIOXIde ( C02) 
• NltlOgen ( N2 )  
Figure 1 .6 Basic principle o f  SCWO process 
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It  is to be noted as wel l  that oxidation in sew is not only performed for the 
purpose of achieving complete destruction of organic compounds but also to achieve 
partial oxidation for organic synthesis. This selective oxidation can lead to the 
production of higher value products or intermediates for the synthesis of other 
valuable materials e .g .  oxidation of methanol to formaldehyde [32] ,  methane to 
methanol .  One of the interesting applications of partial oxidation is the production of 
hydrogen through e + H20 � eo + H2 [32] . 
1 .6 Process of SCWO 
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In a typical proce of supercritical water oxidation, the organic waste stream 
oxidant (e.g.  oxygen, air. hydrogen peroxide) and water are feed into a reactor that is 
under supercritical condition. The feed substances are injected continuously through 
a nozzle ""ithout preheating, and the feeds are quickly heated to be oxidized in the 
reactor. The reaction temperature and pressure are set at values between 550-650oC 
and 230-250 bar. Typically less than 1 min residence time is  required for complete 
feed destruction [3 ] .  After the reaction is completed, the effluents from the reactor 
are then cooled by a heat exchanger and neutralized at the bottom of the reactor by 
quench water including agents such as sodium hydroxide. The products are then fed 
to a gas/liquid separator in which the solids ( salts from the original feed as wel l  as 
those formed in the SCWO reaction) are separated. The effluent gas and l iquid are 
depressurized and discharged. The reaction temperature is controlled by 
continuously adj usting the waste or water feed rates. The reaction pressure is 
generated by air compressor and high pressure pumps and is  control led by pressure 
let down valves. These controls are performed by the automatic operation control 
system. Despite the similarity in many ways to a combustion reaction, the relatively 
lower temperature and higher density of SCW compared to air incineration results in 
a cleaner reaction without the formation of the undesirable bypro ducts such as CO, 
dioxins, NOx, and S02. Nitrogen if present is oxidized mainly to Nitrous Oxide 
(N20). Other heteroatoms, such as halogens, sulfur, and phosphorus, are converted to 
their corresponding mineral acids (e.g. HCI,  H2S04 H3P04) .  These acids are a 
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potential source of corrOSIon if not neutralized, particularly downstream of the 
reactor where condition become subcritical [ 33 ] .  
The typical proce s t10w diagram for supercritical water oxidation in  Japan i s  
de cribed in  Figure 1 . 7 [34] . 
Sow (� of 
OX)-,eu 
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Figu re 1 .7 Typical process flow diagram for SCWO of organic waste 
SCWO reaction IS generally considered as a complete reaction and it 1S 
represented as fol lows: 
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1.7  Appl ications of SCWO I D  Treatment and  Disposa l of Organ ic 
Wastes 
There are various applications in the indu try for CWO technology. This 
technique has been used both for civil and mil itruy purposes by several agencies. In 
tllls section some important appl ication areas will be discussed. 
1.7.1 Destruction of General Industrial Waste 
Large industrial ization has given rise to larger production of waste. Tons of 
poly-chlorinated biphenyl ( PCBs), dichlorodiphenyltrichloroethane (DDT) plastics, 
polyethylene terephthalate ( PET), methyl tertiruy butyl ether (MTBE) phenol ,  
isoquinoline and cel lulose are being produced every year as  byproducts of  industrial 
processes. Almost all of these chemicals are non-biodegradable and hence getting rid 
of them is  a major problem. SCWO technology can play an important role in 
conversion of these products to more eco-friendly components. 
One of the applications of sewo is the destruction of halogenated 
hydrocarbons in waste streams. Michael Modell of Modell  Development Corporation 
has done significant work in this area [30] . His  studies have shown that different 
halogenated hydrocarbons such as 1 , 1 ,  I -trichloroethane, 1 ,2-ethylene dichloride, 1 ,2-
dichloroethane, 1 , 1  2,2-tetrachloroethylene and hexachlorocyclohexane as wel l  as 
halogenated aromatics such as o-chlorotoluene, DDT and PCBs, etc . can be 
decomposed to 99.999% completion under supercritical conditions of water. In  
Japan, SCWO has been already approved as  a treatment method to  decompose PCBs 
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[35 ] .  Many catalysts are also being examined for improving the efficiency of sew 
a sisted decomposition of chlorinated organic \ astes. 
Plastics and polymers uch as PET can be treated usmg two different 
methods. I n  the first method, hydrolysis in ew is used to convert polymers into 
monomers. In this process, PET is decomposed at 4000e and 250 bar to monomers 
[ 3 ] .  A recovery rate of 1 00% is achieved during this process. Furthermore, polymers 
are fully converted into shorter chain hydrocarbons by running sew at 4000e and 
400 bar for 30- 1 20 minutes. Hydrolysis is also used for disintegration of MTBE, a 
common additive for gasoline in petroleum industry. The second method is using 
sewo to decompose plastic wastes. It showed total organic carbon (TOe ) removal 
efficiency of 99.9% at 6300e and 230 bar [36] . 
Phenol is another compound for which decomposition studies have been 
made. Thornton and Savage [ 37] carried out experiments to study the kinetics of 
disappearance of phenol in supercritical water. The authors found that the reaction is 
influenced by the total pressure. They also analyzed the kinetics of the reaction and 
found that the reaction i s  first order in phenol and half order in oxygen [3 7-3 8] . 
sewn technology has also been used for the decomposition of heterocyclics 
such as quinoline and isoquinoline. These compounds can be found in fossi l and 
synthetic fuels such as oi l ,  shales, coal and oil  sands and some pesticide mixtures 
such as creosote [39] .  When they are released to the environment, these chemicals 
cause major health risks especially due to the presence of sulfur and nitrogen. 
Several studies proved that sewn can be used to destroy such compounds more 
effectively compared to pyrolysis. In addition, these studies showed that a small 
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addition of Iron 0 ide (Fe OJ) to the reaction boosted the decomposition of 
i oquinoline by CWo 
SCWO has also been used for the destruction of Cel lulose. The efficiency of 
cel lulose decomposition in water under supercritical conditions can be improved 
through adding nickel (Ni )  or sodium carbonate (Na2C03) catalysts. This  has been 
reported by Minowa and co-workers [40-4 1 ] . 
Furthermore, SCWO technique can be used in the disposal of sulphonated 
lignin wastes. These are the primary wastes generated from polyester fiber and 
chemical pulping process industries. These are very stable chemicals, which cannot 
be effectively deactivated by conventional wastewater treatment methods. A study 
showed that SCWO technique can be used for the effective decomposition of 
sulphonated l ignin in wastewater [42 ] .  
1.7.2 Destruction of Municipal Waste 
Destruction of municipal sludge IS the most important challenge for 
governmental authorities. It is therefore natural to see many studies being carried out 
using application of SCWO technology in destruction of municipal sludge [43-47] . 
Goto and coworkers [48-49] used a slurry of municipal sludge as feed-stock, which 
contained dissolved organic and inorganic materials in addition to solids and 
microorganisms. The reaction was carried out in a batch reactor with hydrogen 
peroxide as an oxidant. The temperature of the process ranged between 400-500°C. 
The process was capable of completely removing the organic carbons. Though the 
intermediates l ike acetaldehyde, acetic acid and ammonia were created in the process 
they got completely mineralized at the end. The important aspect of SCWO process 
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avai labil ity of ufficient oxygen for the reaction. In the absence of adequate 
o ygen, high amount of methane (CI-I4)  wi l l  be produced due to presence of free 
radicals such as H, CH) and CH)O as reaction changes to pyrolysis process [SO] . 
1 .  7.3 Destruction of Oil sludge 
Oil indu try i considered the largest pollutant in any society. The amount of 
waste generated b oil  storage faci lities, refineries and oil  tankers pose a great 
challenge both to oil  companies as wel l as civic authorities and environmental ists. 
Application of SCWO technique attains significant role while treating oil sludge. 
CWO has the potential to effectively destroy large variety of high risk wastes 
created by oil  industry. 
The composition of oil sludge is very complex. It contains complex 
hydrocarbons and mineral particles in addition to water. There are very limited 
references in the l iterature on the use of SCWO to destruct oi l  sludge. However, in 
2008, Cui and coworkers [ S 1 ]  made first attempt to document various efforts made in 
this field. It i s  found that most of the hydrocarbons can be treated in the temperature 
range of 3 86-60 1 oC effectively by applying pressure in the range of 1 39-320 bar. 
imple oxidants l ike hydrogen peroxide (H202),  air or pure oxygen can effectively 
decompose several reactants l ike benzene, pyrene or even waste dri l ling fluid [ S l ] .  
Laboratory experiments using a batch reactor of volume 6S0 m l  were carried 
out to demonstrate application of SCWO technology for oil sludge decomposition at 
temperatures of 39 1 -45 1 °C and pressures ranging from 230-270 bar. In tlllS study 
hydrogen peroxide was used as an oxidant and reaction time was only between 1 - 1 0  
minutes to destruct oil s ludge sample taken from crude oil storage tank. Tills sample 
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contained 23 .2wt% water and the chemical 0 ygen demand (COD) of this sludge 
was 856,000 mg/I .  The experiment showed that the SCWO technology can be 
applied to attain COD remo al rate of 92% in a span of 1 0  minutes [5 1 ] . 
The five important paranleters, which affected the process, are summarized 
as fol lows: 
• Reaction Time: within each set of isothermal experiments, the conversion rate 
was found to be directly proportional to the reaction time allowed for the 
process. The COD remo al rate initially increased during the first minute and 
sub equently tapered off. S imilarly CO2 yield increased with reaction time but 
CO and acetic acid yield increased initially within I minute but subsequently 
reduced. 
• Reaction Temperature: the effect of reaction temperature is different than 
reaction time. While COD, CO2 and CO increased directly in proportion to the 
temperature, acetic acid yield went down with increase in temperature. 
However, this did not hamper the process as acetic acid was immediately 
converted to either CO or CO2. Therefore, the main refractory intermediate in  
the process was CO.  
• Reaction Pressure: the change ill pressure did not significantly affect the 
process of oil  sludge conversion. 
• Effect of Oxygen: the rate of oxidation was not affected by the presence of 
excess oxygen in the process. 
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• Effect of Initial COD: higher initial COD helped to expedite the process of 
removal of COD but tillS advantage is negated when initial COD was in the 
higher range (85% and above) .  
Moreover, Cui and his coworkers studied the kinetics of the reactions based on 
their experimental data [ 5 1 ] . They used the fol lowing global power-law reaction rate : 
Rate 
= - d[COD] 
= k[CODt [ H, O, ]b [ H , Or (2)  
dt 
- � � 
where [COD] is chemical oxygen demand of reactant (mg/L), [H202] is the 
concentration of oxidant (mg/L) ,  [H20] is the concentration of water, t is the reaction 
time (s), and Q, b, and c are the reaction orders of COD , H202 and H20, respectively. 
The rate constant k ( (mol L- 1 ) I -a S-I ) can be expressed in Arrhenius form as fol lows : 
where A i s  the pre-exponential factor ((mol L- 1 ) I .a-b-c s·\ Ea the activation energy 
(J/mol),  R is the universal gas constant ( 8 . 3 1 4  J mor l K-1 ) and T is the temperature 
( K). 
The study assumed that the global oxidation of oil sludge depends only on the 
temperature and the reactant concentration. In addition. the reaction order of water 
and oxidant were considered zero as the reaction medium contained more than 
99wt% water and no effect was observed for excess oxygen on the COD removal 
rate. Thus, the global power-law reaction rate was simplified to : 
Rate 




Based on abo e equation for each temperature, the kinetic parameters k and a 
were obtained. Table 1 . 5 shows the different k values obtained at different 
temperatures for the CWO experiments of oil  sludge. The average of these values 
was used as a reaction order a = 1 A05 . 
Table 1 .5 Kinetic parameters at different temperatures 
T (K) k ((mol rl/-a s-J) a 
663 0.0 1 30 1 .45 
683 0.0532 1 .4 1  
703 0. 1 55 1 .39 
723 0.347 1 .37  
Thus, the global power-law reaction rate can be expressed as: 
8 99 01-1 ( - 2 1 3 . 1 3(± 1 . 3 3) X 1 03 ]rco,n]1405 Rate = . x l  exp ----'----'--- LI 
R T  
(5)  
1 .7.4 De truction of 1 8-Diazabicyclo ( DBU) 
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Angeles and coworkers [52] used a continuous fixed bed reactor to 
decompose L 8-Diazabicyclo (DBU) using SCWO. Temperature and pressure for 
the process ranged between 3 8 1 -500°C and 230-300 bar, respecti ely. The reaction 
time of the proce s was very short (under 5 seconds) and platinum was used as a 
catal st in the process. 
The effect of various parameters on the process can be summarized as 
fol lows: 
• Temperature: almost 1 00% of total organic carbon (TOC ) decomposition was 
achieved at a relatively low temperature of 500°C . The reaction was strongly 
influenced by temperature at lower reaction times. 
• Pressure: at isothermal conditions, pressure was varied from 230-300 bar. I t  
was found that this change did not have any significant effect on the process. 
The reason behind this was adverse effects of increased pressure on diffusivity. 
• Initial DBU Concentration: the experiment demonstrated that TOC removal 
rate goes down at higher initial DBU concentrations. 
• Oxygen Concentration: presence of higher oxygen retard the process as it 
interferes with the catalytic mechanism of the reaction. 
• Mass Transfer Limitations: experimental evaluation of mass transfer 
limitations showed that intrapartic le diffusion had an effect on the reaction. 
1 .7.5 De truction of Chem ical Weapons 
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The con entional technologies used for destruction of chemical weapons use 
higbl toxic and hazardous chemicals. SCWO is considered an innovative approach 
for the decomposition of the hazardous chemicals present in weapons. Shaw and co­
workers [53 -54] have done extensive studies on destruction of chemical weapons 
using SCWO technology. Commercially, SCWO is used for destruction of military 
smokes, d es and explosives. The most important chemical which has been 
successful l  destructed was VX (o-ethyl-S-2-diisopropylarninethyl methyl­
phosphonothiolate). In this process VX was first treated with sodium hydroxide and 
intermediate products were decomposed into carbon dioxide and inorganic salts [53-
54] .  Considering the hazardous and toxic nature of chemical weapons, the 
appl ications of SCWO for decomposing them are considered great achievement for 
the scient ists. 
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1 .8 Compa rison between SCWO and Different  I n novative Destruction 
and H istoric Tech nologies 
Several methods and technologies have been used for the treatment and 
disposal of different types of hazardous organic wastes .  Some of these are 
destruction methods uch as incineration, SCWO and subcritical water oxidation, 
and cement kiln co-incineration. Others are historic/conventional methods which are 
not destructive such as bioremediation and landfi l l .  In this section, the advantages 
and disadvantages of SCWO over some of the different innovative destruction and 
historic technologies will be described in details. The state of commercialization of 
such technologies wil l  also be explained. In addition, Table 1 .6 highl ights some of 
these advantages and disadvantages.  
1.8.1 Innovative Destruction Technologies 
SCWO and Subcritical Water Oxidation 
These methods are used to treat wastes m an enclosed system usmg an 
oxidant (such as oxygen, hydrogen peroxide, nitrite, nitrate, etc . )  in water at 
temperatures and pressures above the critical point of water (3 74°C and 22 1 bar) and 
at subcritical conditions. Under these conditions, organic materials become highly 
soluble in water and are oxidized to produce carbon dioxide, water and inorganic 
acids or salts. 
SCWO and Subcritical Water Oxidation can treat aqueous wastes, oi ls, 
sol ents and solids up to a diameter of 200 11m and organic content of waste is 
l imited to below 20%. Dilution may be needed to reduce the organic content to 
below 20%. In the ca e of subcritical water oxidation, di lution of wastes is not 
necessary. If sol ids are present they must be reduced to < 200 11m in diameter. 
CWTently, there is no pecific information avai lable regarding post-treatment 
requirement . The CWO and subcritical water oxidation vessels must be 
constructed of materials capable of resisting corrosion caused by halogen ions. 
Material corrosion can be severe at the temperatures and pressures used in the 
CWO process. In the past, the use of titanium al loys has been proposed to tackle 
this problem. Current vendors claim to have overcome this problem through the use 
of advanced materials and engineering designs. Earlier designs were plagued by 
rel iabi l ity, corrosion and plugging problems. Current vendors c laim to have 
addressed these problem through the use of special reactor designs and corrosion-
resistant materials. F inns providing this service include: 
• Foster Wheeler Development Corporation ( \\"\-\7\\ .fosterwheeler.com) .  
• General Atomics (www.ga.com) .  
• Mitsubishi Heavy Industries, Ltd. (wwv" .mhi.co.jp) [29, 55-78] . 
Incineration 
Incineration IS a process ill which orgaruc contaminates are treated in a 
controlled combustion process. The temperature at which the combustion takes place 
is  decided by the chlorine content in the waste. Temperature of 850°C is adequate to 
treat normal waste whereas the wastes with chlorine content of more than 1 % require 
heating in excess of 1 1  OO°C. 
Dedicated hazardous waste incinerators are avai lable in number of 
configurations including rotary ki lns, high efficiency boi lers, light weight aggregate 
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kiln and static oven used for l iquids only. Incineration process can be applied 
practical ly to al l t pes of wastes at variety of contamination Ie els. Pre-treatment 
rna requires blending, dewatering and size reduction of wastes. Process gases may 
require treatment to remove hydrogen chloride and particulate matter and to prevent 
the formation and removal of unintentionally produced persistent organic pol lutants 
(POPs). This can be achieved through a combination of types of post-treatments, 
including cyclones and multi-cyclones, electrostatic filters, static bed filters, 
scrubbers, selective catalytic reduction, rapid quenching systems and carbon 
adsorption. Depending upon their characteristics, bottom and fly ashes may require 
disposal within a specially engineered landfill  [29, 5 5-78] .  
Cement Kiln Co-incineration 
Cement kilns are long cylinder of 50- 1 50 meters, rotated at about 1 -4 
revolutions per minute at an inclined axis .  Raw materials such as l imestone, si l ica, 
alumina and iron oxides are passed from one end to another which is heated to a 
temperature around 1 500°C. The material gets dried and undergoes pyroprocessing 
reaction while passing through kiln to fom1 c l inker. Cement kilns have been 
demonstrated with polychlorinated biphenyl (PCBs),  but should be applicable to 
other POPs. Cement kilns are capable of treating both l iquid and solid wastes. Pre­
treatment is required in terms of thermal desorption of solid wastes and 
homogenization of solid and l iquid wastes through drying, shredding, mixing and 
grinding. Process gases require treatment to remove cement kiln dust and organic 
compounds, sulphur dioxide, nitrogen oxide and al so heat so that formation of 
polychlorinated dibenzodioxins (PCDDs) and polychlorinated dibenzofurans 
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( PCDFs) i minimized. Treatments include use o f  preheaters, electrostatic 
precipitator . fabric filters and activated carbon filters. It has been reported that 
PCDO and PCDF concentrations within cement kiln dusts range between 0.4 and 2 .6  
mglkg. Accordingly, reco ered cement k i ln  dust should be put back into ki lns to the 
maximum extent practicable, whi le the remainder may require disposal in a specially 
engineered landfill or permanent storage in an underground mine or formation. A 
number of existing cement kiln co-incineration operations are identified in the 
inventory of world""ide PCB destruction capacity [29, 5 5-78 ] .  
1.8.2 Historic Technologies 
Bioremediation 
Biological treatment uti l izes the capacity of micro-organisms to naturally 
biodegrade a variety of organic hazardous substances in l iquid and solid wastes to 
water and CO2. Processes may be aerobic or anaerobic conditions, e.g. they take 
place in the presence and absence of air, respectively. In al l cases, care must be taken 
to maintain the other conditions that are conducive to l ife, including nutrients, pH, 
and temperature. Processes include : bioreactors, land farming and in-situ 
biodegradation. This method is used for soil contaminants, such as chlorinated 
hydrocarbons, PCBs, chlorinated phenol benzene, toluene, ethyl-benzene and xylene 
( BTEX), polyaromatic hydrocarbons ( PAHs), oil spil ls and pesticides. Some 
practical issues associated with this technology are: 
• Large storage space is required. 
• Takes relatively long time to treat and the removal rate is low. 
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• Limited to those compounds that are biodegradable. Not all compounds are 
su ceptible to rapid and complete degradation. 
• Biological processes are often highly specific .  Important site factors required for 
success include the presence of metabolically capable microbial populations, 
uitable en ironmental growth conditions, and appropriate levels of nutrients and 
contaminants. 
• There are ome concerns that the products of bioremediation may be more 
persistent or toxic than the parent compound. 
• Research is needed to develop and engineer bioremediation technology that is 
appropriate for sites with complex mixtures of contaminants that are not evenly 
dispersed in the environment. Contaminants may be present as solids, l iquids and 
gas. 
• It is difficult to extrapolate from bench and pi lot-scale studies to full-scale field 
operations [29, 5 5-78 ] .  
Landfill 
Landfil l  i s  a site for the disposal of waste materials by burial and is the oldest 
fonn of waste treatment. H istorical ly, landfills have been the most common methods 
of organized waste disposal and remain so in many places around the world. 
This method is  utilized for industrial waste, hazardous chemical and organic wastes 
in addition to different difficult wastes. Any landfill ing should be carried out in a 
way that minimizes the potential of the hazardous wastes and POPs content to enter 
the environment. This may be achieved by pre-treatment, e .g .  a suitable 
solidification process. A special ly engineered landfill  should comply with 
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requirement as  regards location, conditioning, management, control ,  c losure and 
preventive and protective measures to be taken against any threat to the environment 
in the short- as \ ell as in the long-term perspective. in particular as regards measures 
against the pollution of groundwater by leachate infi ltration into the soi l .  Protection 
of oiL groundwater and surface water should be achieved by the combination of a 
geological barrier and a bottom liner system during the operational phase and by the 
combination of a geological barrier and a top l iner during the closure and post­
c losure phase. Measures should also be taken to reduce the production of methane 
gas and to introduce landfill gas control .  In addition, a uniform waste acceptance 
procedure on the basis of a classification procedure for waste acceptable in the 
landfil l ,  including in particular standardized limit values. should be introduced [29, 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1 .9 Cata lysts in  Su percritical Water Oxidation 
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ewo proces relie on oxidation of complex hydrocarbons for their 
destruction. However, when such complex hydrocarbons get oxidized they convert 
into inteITIlediate compounds which are relatively more stable than original waste. 
To achieve total disintegration of the complex inteITIlediates, catalysts are introduced 
to the proce . 
ewo process can be faster with lower cost by introduction of oxidation 
catalysts. Homogenous catalysts need to be regenerated during the process. A 
heterogeneous catalyst wil l  help to eliminate catalyst-feed fluid separation step. The 
use of heterogeneous catalysts has been widely studied during early 1 990s. These 
studies helped identifying global kinetics and reaction pathways of different types of 
organic wastes. The analysis demonstrated that a range of waste stream compositions 
can be more economically disintegrated using catalytic sewo compared to non­
catalytic sewo. incineration and wet air oxidation [ 3 ] .  
Table 1 . 7 highlights the variety of  catalysts being used in different processes 
of sewn to destruct different types of wastes. As it can be seen from the table. a 
variety of catalysts are being used for different applications. The application of 
suitable catalysts wil l  help to bring down the extreme process conditions to 
manageable levels .  It is therefore, imperative that results of laboratory studies are 
applied to processes for optimum use of catalysts in a given process. 
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Table 1 . 7 Catalyst u ed in CWO processes for decomposition of d ifferent organic wastes [3, 79-8 \ ]  
Process Parameters 
Cataly t Feed Flu id Temperature 
Efficienc 
o. Pressu re 
(0C) (bar) 
(%)  
1 Platinum 1 ,8-Diazobicyclo 
380-500 230-300 1 00 
(DBU) 
2 odium Carbonate Biomass 
(Na!C03). N ickel (Ni) 
380-450 250.33 95-99 
(Ce I Julose) 
3 Iron Oxide (Fe!03) I soquinoline 380-450 250.33 95-99 
4 Bulk Manganese 
1 00 Phenol 380-450 250.33 
Oxides (MnO!) 
5 Bulk Titanium Dioxide 
1 00 Phenol 380-450 250.33 
(Ti O2) 
6 Copper Oxide 
(CuO)!Aluminum Phenol 380-450 250.33 1 00 
Oxide (Ah03) 
7 Cerium Oxides (Ce02) Organic waste 380-450 250.33 1 00 
8 Platinum (Pt)1 
Aluminum Oxide (y- Pyridine 380-450 250.33 95-99 
Ah03) 
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1 . 1 0  SCWO Reactor System 
everal type of reactor systems have been u ed to carry out the required 
CWO reaction such as batch and continuous systems including transpiring wall 
reactor (TWR) and floating type reactor ( UWOX).  Each of these systems are 
described in thi section. 
1 . 1 0. 1  Batch System 
Various types of batch reactors that have been used to conduct SCWO for 
destruction of organic wastes are co ered widely in different articles and text books 
[ 37, 82-87] . A typical batch reactor consists of a tank with an agitator and integral 
heatina cooling system. These vessels may var in size from less than 1 l iter to more 
than 1 5 ,000 liters . They are usually fabricated from different materials such as steel ,  
stainless steel ,  glass l ined steel ,  glass or exotic al loy [88] . This reactor usual ly has 
two different temperature zones; the upper part is used to keep the reactor above 
critical temperature at around 600°C where organic wastes are oxidized, and the 
lower part is used to dissolve the salt precipitant at subcritical temperature at around 
300°C [89] . L iquids and solids are usually charged via connections in the top cover 
of the reactor. Gases are also discharged through connections in the top. Liquids are 
usually discharged out of the bottom. 
The advantages of the batch reactor lie with its ersati l ity. A single vessel can 
carryout a sequence of different operations without the need to break containment. 
This is particularly useful when processing, toxic or highly potent compounds or 
products with a high tendency to foul such as slurries [88] . This reactor presents an 
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effective and economIC solution for many types of slow reactions. Figure 1 . 8 
present a imple schematic diagram for a batch reactor. 
Figure 1 .8 impJe schematic d iagram for a batch reactor [84] 
1. 10.2 Continuous-flow System 
In the continuous flow system, the material is carried out as a flowing stream. 
Reactants are continuously fed into the reactor and emerge as continuous stream of 
product. Continuous reactors are generally smaller than batch reactors and may be 
designed as pipes with or without baffles. Continuous reactors are used for a wide 
variety of different industries such as chemical and biological processes [90] .  In most 
SCWO applications, the destruction of organic wastes is carried out in a continuous 
flow system. This is because of continuous reactors' abil ity to cope with much 
higher reactant concentrations due to their superior heat transfer capacities compared 
to batch reactors. Plug flow reactors have the additional advantage of greater 
separation between reactants and products giving a better concentration profile. In  
addition, the smal l  size of continuous reactors makes higher mixing rates possible. 
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The output fr m a continuous reactor can also be altered b varying the reaction 
time. This increa e operating fie ibi l ity for manufacturers [82, 9 1 -98] . 
Transpiring wall reactor (TW R) 
The main theory behind transpiring wall reactor (TWR) is the introduction of 
a t10w of solute-free water through a porous reactor l iner in order to keep salt 
particles and corrosive species awa from the reactor wall .  The TWR consists of two 
hel l  . The outer shell  is the pressure resistant vessel and the inner shell is the porous 
vessel [99] . Supercritical water wil l  get via the porous wall  to form a thin film 
protecting water. The temperature of the transpiration \vater can be either subcritical 
or supercritical , but is usually less than the temperature achieved in the center of the 
reactor where oxidation takes place [97] . This basically protects the reactor against 
corrosion. salt precipitation and solid deposition. In the past few years, few groups 
ha e developed a hydrothermal flame as internal heat source for TWR and its 
application on halogenated hydrocarbons (2.4-dichlorophenol )  [98] .  The results 
showed that the conversion of such hydrocarbons was 98 .7% under a temperature of 
440°C and a pressure of 250 bar and a residence time of 32 seconds [98 ] .  Further 
studies have introduced simple transpiring wal l  reactor design exploiting a porous 
tube within a pressure shel l .  Figure 1 .9 presents a schematic diagram of TWR. 










Transpiring water film 
Figure 1 .9 chematic diagram of transpiring wall reactor [82, 99] 
Floating type reactor (SUWOX) 
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SUWOX was designed to overcome the corrOSlOn nature of the reaction 
media on a technical scale. The construction materials used for this reactor were of 
well-known materials in which the reactor resists the attack of hydrochloric acid 
under SCWO conditions [ 1 00] . The basic concept of this reactor lies on dividing it 
into two vessels. the pressure resistant vessel and the inner acid-resistant vessel [82, 
1 00] . Casal and Schmidt have developed this reactor and they equipped their faci lity 
with a ' floating type' acid-resistant reactor within a pressure vessel .  Two coaxial 
streams were established inside the vessel : a corrosive central stream of halogenated 
hydrocarbons, oxygen and water inside an alumina reactor where the SCWO 
destruction takes place, and an inert annular stream of pure water between the inner 
wall of the pressure vessel and the external wal l  of the alumina reactor. A cumulative 
operation time of more than 1 000 h has been attained in which the industrial solvent 
dichIoromethane has been destructed. At residence times between 22 and 
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224 econds. temperature between 420 and 460°C, and a constant system pressure 
of 400 bar destruction rates of dichloromethane of >99.99% have been measured 














Figu re 1 . 1 0  chematic diagram of floating type reactor (SU WOX) [82, 1 02] 
1 . 1 1 Resul ts of some Typical Bench-Sca le and Pilot Studies 
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CWO i a comple technolog ' it therefore can ot be implemented at 
commercial tage easily. Fir t the process has to be val idated in a laboratory 
condition to achieve desired re ults. Various modifications in process need to be 
made to obtain best possible efficiency and lower residence time. These 
modifications wil l  have direct bearing on the cost of the process. Once lab tests are 
successful the pilot plant is setup to enlarge the scale of operations. At this stage 
process need again to be validated for operating parameters and desired results. 
uccessful testing at pi lot stage will lead to commercial applications of the process. 
Early developments of the technology were focused on destruction of 
hazardous wastes such as poly-chlorinated biphenyl (PCBs) and dioxins, but the high 
chlorine content of many such wastes proved to be very corrosive and greatly l imited 
the application. By the early 1 990s. it was real ized that sludge from treatment of 
municipal and pulp mil l  wastewaters were ideal applications of SCWO [ 1 03- 1 06] . 
These wastes contain acceptable levels of chlorides (e .g . ,  < 5000 ppm) and could be 
processed without the need for excessive dewatering. Although 7 to 1 3  % dry weight 
sol ids were acceptable. inorganic solids contained in the feed or formed during 
oxidation settled in the reactor or heat exchangers and clogged the flow. 
Some laboratory results of these pi lot studies have been used at bench scale 
for disintegration of synthetic mixtures of pure chemicals. It was found that 
temperatures up to 600°C are sufficient to achieve the efficiency of disintegration up 
to 99.99% for most chemicals with a very short residence time of 0.5 to 1 0  minutes. 
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In the pa t decade, several companies bui lt pilot plants and tested them for 
"va tewater treatment sludge. The company HydroProcessing LLC built a pilot plant 
to handle feed-stock at the rate of 1 . 5 l iter/min. The successful completion of the 
pilot plant prompted them to build a full scale system. .  Although high destruction 
efficiencies were obtained, these process designs did not fol low the teachings of 
Model l ' s  1 993 patent [ 1 03 ] ,  and the efforts to commercialize the sludge appl ication 
fai led due to sett l ing of inorganic sol ids [82, 1 03 ] .  
Mitsubi h i  Heavy Industries (MHI)  created i n  1 998 a pilot scale system in 
Japan which achieved 99.99% destruction of PCBs at 380°C and 270 bar [82, 1 03 ] .  
While many pi lot plant studies were can'ied out t o  test different feed-stocks, the 
SCWO technology is sti l l  in nascent stage for commercial applications. 
1 . 1 2  Com mercial Applications a nd I n d ustrial Status 
SCWO technology was patented in 1 978 by Dr. Michael Modell [28 ] .  S ince 
then many companies operating in US, UK, France, Japan and Korea have developed 
pilot plants as well as full scale plants for ci il and mil itary establishments [34, 1 07-
1 1 1 ] . 
A10DAR. Inc. made first attempt to commercialize SCWO process in late 1 980' s and 
early 1 990' s  in US .  They started using the technology to treat industrial wastes. 
General A tomic acquired MODAR, Inc. in 1 996 but they concentrated their efforts 
to treat mil itary wastes rather than industrial wastes. S ix year later, MODEC and 
Oxidyne entered the commercial market [82, 97] . 
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Eco Wa Ie Technologie (ErfT) was the first company to develop commercial 
CWO plant in US in 1 994. Thi plant was built for Huntsman Company in Austin 
for destruction of non halogenated organic waste. Another US company 
HydroProces ing IIC has developed standard waste treatment plant in Harlingen in 
Te 'a . This plant can treat the waste at the cost of $ 1 80/ton which is  quite 
competitive compared to the cost of $275/ton for conventional methods of disposal 
l ike landfill  [82, 97] . 
Foster ·W heeler, a major process design company constructed a full scale 
SCWO system in Arkansas for US army in 1 998 .  This system is based on transpiring 
wall SCWO reactor ( "TWR") concept. This is being operated by Sandia National 
Laboratories and has a capacity of 36 kg/hr to treat smoke and dye weapons [82, 97] . 
Turbosystems Engineering (Cal ifornia, USA) is actively commercializing their 
patented transpiring wall SCWO reactor ( "TWR") with a focus on renewable energy 
applications. The TWR has been demonstrated to provide superior resistance to 
fouling and corrosion. The TWR is capable of operating at reaction temperatures in 
excess of 800°C, at pressures above or below the critical pressure of water and has 
been demonstrated at a feed rate of 0 .5  metric tons/day [82, 97] .  
Currently more than 20 SCWO units are being operated by a single company in US 
for government and commercial programs. Another 3 units are being bui lt at B lue 
Grass Army Depot for destruction of chemical warfare agents [82, 97] . 
Chemature Engineering brought the technology to Europe and established 
plants in UK and Sweden in 1 999. They used the technology to treat the spent 
chemical catalysts on commercial basis. This process helped them to recover 
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precious metals, ',: hich justified the investment in the technology. Then the 
technology was old to CFI  Group who took the process to Ireland where a plant 
wa e tablished in Cork for treatment of sewage sludge. The plant which is based on 
Aqua Critox SCWO process has a capacity of 3 m31h. This is considered largest 
CWO commercial unit in the world. The plant has high destruction capacity of 
99.9%. The solid residues at the completion of process are recyclable thereby adding 
efficiency to the plant [ 82, 97] .  
Chemature have also joined hands with General Atomics to pursue 
commercialization of SCWO for sludge treatment based on ModelllModec patents .  
However, they have not yet been able to develop a commercial scale plant [ 82, 97] .  
Shinko Pantec entered into license agreement with EWT to bring SCWO 
technology to Japan first time in 2000 with a capacity of 1 . 1 m
3
1hr. This was used to 
treat municipal sludge for local authorities. Another Japanese company Mitsubishi 
Hemy Industries joined hands with SRI International to start waste treatment plant 
for recycling PCB wastes [82, 97] .  
The company Organa has also established a plant in Japan to treat 
halogenated waste on commercial scale based on SCWO technology in 1 998 .  
Organo purchased the SCWO technology from MODAR, Inc . as  new owners of 
General Atomics concentrated only on treating mil itary waste [82,  97] .  
In Korea two commercial size units have been built by Hanwha. They have 
constructed a plant with a capacity of 2000 kglhr for treating dinitorotoluene 
(DNT)/2, 4-Dinitrotoluene ( MNT) plant wastewater and another plant of 35000 kglhr 
5 1  
capacity for treating Melamine wastewater. These plants were commissioned in 2000 
[82, 97] . 
Table 1 . 8 gives an 0 erview of the de elopment of commercial scale plant 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1 . 1 3  Principle Cba l lenges 
Like an. treatment and di po al method, SCWO has some chal lenges which 
make it difficult to be implemented in a large scale. However, these chal lenges can 
be overcome by certain inno ative olutions. This section describes principle 
challenges associated with SCWO technology. 
Corrosion 
The SCWO process has not yet found wider commercial application because 
of inherent problems associated with the process. These problems are caused by high 
temperatures and presence of strong ionic reactants. At supercritical stage most of 
the salts are not soluble in water. Therefore they start precipitating on the surface of 
reactors and associated piping. This leads to clogging of the pipes, which hampers 
the process flow. At high temperatures electrochemical corrosion also starts taking 
place due to presence of reactants in ion forms [96-97] . 
Various types of corrosions can occur in different components of SCWO 
process. It i s  worthwhile mentioning that the same control measures used to control 
corrOSlOn can be applied to minimize and mitigate salt participation and solids 
deposition. 
Ideally the reactor is  in supercritical state whereas adjacent parts immediately 
before and after the reactor are not . These parts are cooler or subcritical compared to 
the main reactor. Due to salt precipitation, the surfaces within the reactor start 
corroding as oxygen is also present in the process. In addition to this some pockets 
within reactors can have subcritical temperature which can cause corrosion [ 1 1 2] .  
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Corrosion must be control led to  protect the reactor which is the main cost of  the 
CWO plant. The reactor can be damaged due to erosion which is caused by 
h dride formation. This Problem is not severe if feed stock contains only carbon, 
hydrogen, nitrogen and oxygen [ 1 1 2 ] .  SCWO plants have different components at 
different temperatures. While reactor is always at critical temperature the parts 
preceding it will be subcritical but hot. The feed stock of low pH value starts 
decomposing in such an environment . The halogenated hydrocarbons decompose at 
such high temperatures and they cause corrosion. One way to avoid this problem is 
to refrain from pre heating the feed stock.  This wil l  have adverse impact on oxidation 
process if the fluid enters reactor at lower temperature [96-97, 1 1 2- 1 1 4] .  
Heat exchangers are at the exit end o f  reactors and are subject to corrosion 
unlike pre heaters. Corrosion takes place in these heat exchangers as temperatures of 
the fluid are brought down to subcritical level .  The salts start precipitating due to 
lower temperature. There are two ways to overcome tilis problem; in the first method 
pressure is reduced before reducing the temperature using a pressure reducing valve. 
However this can result in severe erosion of the pressure let down valve and fouling 
of surfaces as any salts fal l  out of the resulting steam after pressure let down. 
Another method is called quenching whereby cooling water is added to the process 
fluid at exit end of reactor. This re- dissolves precipitated salts and then fluid is 
passed through a smaller heat exchanger. Addition of this quench water can create a 
subcritical temperature zone at the reactor exit that is particularly subject to 
corrosion [96-97, 1 1 2 ] .  
56 
Marrone and Hong [ 1 1 2 ] in their reView paper on corrosion control methods in 
CWO and gasification proces es explained 1 0  different types of corrosion that can 
occur in the SCWO processes. 
Corrosion in SCWO process takes place due to combination of factors. While 
high temperature and oxidization conditions are inherent to the process and thus 
cannot be avoided, the nature of feed stock can be controlled. Presence of 
heteroatoms causes lower pH value of feed stock.  This can be controlled to some 
e. tent . Another way to prevent damage due to corrosion is to prevent corrosive 
substances to come into contact with metal surfaces of the plant components. This is  
achieved by creating corrosion resistance barrier between metal and corrosive 
material 
As discussed earlier. corrOSlOn poses a senous chal lenge ill the 
implementation of SCWO technology. The presence of heteroatoms can damage the 
reactor surface due to extreme temperatures and pressures. New concepts have been 
introduced to redesign the SCWO reactors to solve the problem of corrosion. 
Salt PrecipitationIPlugging 
Water loses its capabil ity to dissolve salts especially when temperature of 
water is near to supercritical range compared to ambient temperatures .  S imilarly 
higher pressure affects the characteristics of water as a solvent. Therefore as water 
reaches supercritical stage, the salts present in the water starts precipitating and they 
plug various parts in the system. This is known as salt plugging or salt precipitation. 
It has been observed that inorganic salts tend to precipitate faster compare to organic 
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substances and therefore po e greater challenges by creating deposits on surface of 
the reactor [ 3 ] .  
On  the other hand, when organic materials precipitate they start polymerizing 
due to absence of oxidants in supercritical water. These polymers start creating a 
cale on the reactor surface which affects the process flow and cause plugging. 
imilar processes can affect heat exchangers when salts precipitation take place due 
to change in temperature. The problems of salt plugging can be solved by changing 
the process parameters or introducing a mobile surface in the reactor. Increasing the 
pressure and thus the density of supercritical water wi ll enhance the solubil ity of the 
medium thereby reducing the precipitation and scal ing. However, this can be applied 
to a l imited extent. Therefore, concept of mobile surface is tried in reactors where the 
surface can be altered after certain amount of precipitation has been deposited. This 
also has a l imited application since it cannot be implemented on long running 
processes [29, 3 ,  97, 1 1 5 ] .  Another way of overcoming the problems of salt 
precipitation is to introduce special reactor concepts where precipitation itself is 
prevented in the reactor surface. In this process salts are allowed to sink down to 
zones of lower subcritical temperatures where they are dissolved again. 
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As  of  date, CWO technology has not been implemented at industrial scale in 
many countrie . Hence accurate conclusion about cost effectiveness cannot be 
drawn. However, it should be kept in mind that any premium paid to avoid long term 
damage to environment is a good economic sense. As stated above cost of $300/ton 
for treating organic waste will be brought down once economy of scale come into 
operation and technology receives acceptance over a period of time. As of now, 
majority of cost goes to capital investment in the plant and cost of the oxidant. It is 
expected that these wil l  go down once more and more plants are set up and new 
methods are found to reduce the consumption of oxidants. Therefore, the serious 
problem facing SCWO has nothing to do with process itself but the unwill ingness of 
industries to invest in innovative and potentially superior waste treatment 
technologies. This barrier is more difficult to circumvent the technological 
chal lenges facing SCWO [3 29, 97, 1 1 5 ] .  
2.0 E X PE RIME N TAL S ETUP AND P ROC E DURE 
2 . 1  Materials a n d  Ana lytical Methods 
2. 1 . 1  Materials 
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The materials u ed for conducting the required experiments were as fol lows: 
• Oil sludge (Gasoi l  sludge) .  
• Toluene (C7Hg) .  
• Deionized water. 
• Nitrogen (N2) .  
• Gas cylinders of CO, CO2, N2 and O2. 
The oil sludge sample is a Gasoi l  sludge taken from bottom of Tank 203 on 
rth February 20 1 1 from EPPCO International Limited (E IL)  Tenninals located in 
Jebel Ali  i .e .  one of Emirates ational Oil Company LLC (ENOC) Business Units. 
An elemental analysis of the sample was done by Intertek Lab on 9th March 20 1 1 to 
fmd out the reaction equation. Table 2 . 1 shows the elemental analysis of the oil  
sludge sample. 
Table 2. 1 E lemental analysis of oil sludge sample (Gasoil, from tank 203, bottom sample) 
Test Method Result (wt %)  
Carbon Content ASTM D529 1 86 
Hydrogen Content - 1 3 . 1 0  
Nitrogen ASTM D4629 0.0007 
Oxygen Calcu lation 0.50 
Sulphur ASTM D4294 0.043 
6 1  
Ba ed on the above analysi , carbon ( C )  and hydrogen (H )  moles were 
calculated along with HlC ratio and tabulated in Table 2.2.  
Table  2.2  Moles calculation for C, H and HlC ratio 
E lement  Wt% 
Carbon (C) 86 
Hydrogen (H) 1 3 . 1 0  
Moles 
86 
= 7 . 1 6  
1 2  
1 3 . 1 0  
= 1 3 . 1 0  
1 
Moles of HJC 
1 3 . 1 0  
= 1 . 8 
7 . 1 6  
Based on the above analysis, the reaction equation can be drawn as fol lows : 
Table 2 .3  shows chemical composition and properties of oil  sludge sample 
brought from ElL site (bottom of Gasoi l  storage tank) based on GEO-CHEM 
MIDDLE EAST and Oil Lab and Marine Surveyors Co. LLC Laboratories analysis .  
Table  2.3 Chemical analysis of the oi l  sludge (Gasoil-original sample) 
No. Para meter Test M ethod U n it Limit Result 
I Olefins ASTM D 1 3 1 9 ° ovol - S A  
2 Saturates/ Alkanes ASTM D 1 3 1 9  ° ovol - 72.2 
3 Aromatic Content �TM D 1 3 1 9  ° ovol - 22.4 
.t Water Content ASTM D95-05 ° ovol - 0 
5 Residue ASTM D 86 ° ovol - I 
6 Loss ASTM D 86 0 0\'01 - I 
7 Sediment By Extraction ASTM D473-07 ° om - 0.03 
8 Ash Content ASTM D482-07 0 0 m - 0.002 
9 Particulate Contamination ASTM D 62 1 7  mg/L - 1 9  
1 0  Densit) at 1 5°C A Thrl D 4052 kg/L Min 0.82 0.8369 
Max 0.854 
1 1  Distil lation ASTM D 86 - - -
1 2  Initial Boiling Point ( IBP) ASTM D 86 °C - 1 65 
1 3  Final Boil in& Point (FBP) ASTM D 86 °C - 379 
1 4  Flash Point ASTM D 93A °C Min 65 7 1  
1 5  Kinematic Viscosit) at 40°C ASTM D 445 c T 
Min 2 
4. 1 79 
Max 4.5 
Metals 
I Iron (Fe) I P  50 1  mg/kg - < I  
2 Sodium (Na) IP 50 1 mg/kg - < I 
3 Calcium (Ca) IP 50 1 mg/kg - < 1 
4 Lead (Pb) IP 501  m� - < 1 
5 Zinc (Zn) I P  50 1  mg/kg - < I 
6 Copper (eu) IP 50 1 m� - < I  
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Based on above elemental and chemical analysis of the original oil sludge 
sample, the Total Organic Carbon (TOC) of the original oil sludge sample was found 
to be 820,000 mglL. However, for the purpose of the experimental runs the original 
TOC of the oil sludge was di luted in 1 00 rnl sample and reduced by quarter. Thus, 
the TOC of the oil sludge in the feedstock sample was 2050 mglL . It is to be noted as 
wel l  that the amount of metals which represents the Inorganic Carbon ( IC )  in the 
ample is less than 1 rng/kg and can be considered negligible. Therefore, the initial 
TOC of the sample is equal to the Total Carbon (TC) .  Figure 2 . 1 (a) shows the 
actual image of original oil sludge sample and (b )  shows the oil sludge after level 
fil tration used for SCWO experiments. 
r 
(b) 
Figure 2.1 (a) Actual image of original o i l  s ludge sample and (b) for oi l  sludge after level filtration 
Hydrogen Peroxide ( H202 )  solution (30% w/w) with a density of H202 1 . 1 1 
glrnl manufactured by Scharlau was purchased from Pharma Land LLC, UAE and 
was used as a source of oxygen. Toluene (C7Hg) was also purchased from Pharma 
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Land LLC.  AE v"ith a purity of 99.9%. density of 0 .87 giL at 20°C,  manufactured 
by charlau wa u ed for cleaning oil residues in the system. Deionized water 
prepared by Mill i-Q ',: ater purifier equipment (Q-POD, Mil l ipore Corporation USA) 
was u ed as the main source of water for running the experiments and as a source of 
cleaning. The TOC of the used deionized water was 3 mgIL. Nitrogen (N2) with a 
purity of 99.9°,o purchased from Abu Dhabi Oxygen Est . .  UAE was used mainly for 
purging purposes to remove oxygen within the system before commencing any 
experiment. Two gas cyl inders with analytical grade were purchased from one of the 
local suppl iers. Air Products Middle East FZE and used in GC analysis of gas 
amples. First cylinder contains 1 0% CO2• 60% 2 and 30% O2, while the second 
cylinder contains 90% Helium and 1 0% CO. 
2 .1.2 Analytical Methods 
Total Organic Carbon (TOC) analysis was performed according to a standard 
direct method cal led on-Purgable Organic Carbon (NPOC) using TOC-V CSHfCSN 
analyzer (VSC 1 1 .  SHIMADZU, Japan) .  TOC is the amount of carbon bound present 
in an organic compound and is often used as an indicator of water quality or 
c leanliness of pharmaceutical manufacturing equipment. The analyzer was also able 
to determine Inorganic Carbon ( IC )  and Total Carbon (TC )  in the sample. IC is the 
content of dissolved carbonate, carbon dioxide and carbonic acid salts and TC is al l 
the carbon in the sample including organic and inorganic. Typical ly all TOC, IC and 
TC are measured in ppm or mg/L. In this study, the TOC in the sample was 
determined using a direct method where first IC is removed from the sample by 
purging the acidified sample ( HCL)  with a purified gas, and then TOC is determined 
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from TC measuring method as TC would be equal to TOe. This method is also 
called POC (Non-Purgeable Organic Carbon) due to the fact that POC ( Purgeable 
Organic Carbon) uch as benzene, toluene, cyclohexane and chloroform may be 
partly removed from a ample by gas stripping. This direct method is suitable for 
surface water, ground water and drinking water because of, in most cases, less TOC 
comparing \ ith IC and negligible amount of POC in these samples [ 1 1 6] .  
Accordingly, in principle the fol lowing equations were taken into considerations. 
TC = TOC + IC 
TOC = NPOC + POC 
(7 )  
( 8 )  
To perform TOC analysis the supply pressure of the carner gas was set 
between 300-600 kPa (44-87 PSI )  using the pressure regulator at the carrier gas 
supply source (cylinder) and then the power was turned on. The carrier gas pressure 
inside the instrument was adj usted to 200 kPa using the carrier gas pressure 
regulation knob. The flow rate also was adjusted to 1 50 rnlJrnin. Then the analyzer' s 
furnace was heated up to 680°C .  After the set temperature of the furnace was 
attained, the analyzer was flashed with deionized water by selecting the NPOC 
method to ensure that the TOC reading gives 3 mg/L which is the original value of 
deionized water. The TOC analysis of the deionized water was performed using the 
pre-stored cal ibration curve of standard solutions. After this step, the system was 
ready for the analysis of experimental runs for TOC and Te . After completing the 
required analysis, the system was cleaned and flushed again by deionized water 
through performing TOCITC analysis. Figure 2 .2 shows the analyzer used for TOC, 
IC and TC analysis. 
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Figure 2.2 SHIMADZU TOC-Vc li CS , analyzer used for TOC and TC analysis 
Gas amples including (CO, CO2, N2 and 01) were analyzed using GC 20 1 4  
SHlMADZU equipped with Thermal Conductivity Detector (TeD) (Figure 2 .3) .  The 
detail of the column used are as fol lows: temperature of 50°e,  equi librium time 1 
minute, column information ( Porapak- -MS- 1 3x, column maximum temperature-
1 85°e,  lengh- l meter, inner diameter 2 . 1 mm, film thickness- 1 0llm), and analysis 
t ime-9. 5  minutes. The carrier gas was Helium.  
Figure 2.3 Image o f  G C  20 1 4  S H I MADZU used for analysis o f  gases 
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Acetic acid content was analyzed by using a gas chromatograph COC) CP 
3800 arian instrument equipped with flame ionization detector (FID)-300°C and a 
column ( P  AG, 30 m x 0 .25 mm J .D . ,  0 .25 J..lm film).  The conditions were as fol lows: 
. . ') 1 0°C Injector: _-t , plit 1 1 : 1 0, column flow: He, 5 mllmin, and temperature 
The TOC removal rate, product yield of CO2 and CO and excess O2 were 
calculated using the fol lowing equations : 
[Toe] - [Toe] 
TOC removal rate (%) = 0 r X 1 00 (9) [Toe]o 
Where [ TOC]o and [ TOC]t are Total Organic Carbon of oil  sludge (mg/L )  at reaction 
time of 0 and t minutes, respecti ely. 
Product yield (%) � [�: x 1 00 ( 1 0) 
Where [C]o i s  the carbon concentration of the feedstock (mg/L )  and [C] is carbon 
concentrations (mg/L) of CO2 and CO at gas products. respectively. 
O2 excess (%) = 
[02 Lilia! x l 00 ( 1 1 )  [02 trOich 
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Where [02] actual is the concentration of O2 (mg/L )  fed to the reactor. [02]stolch is the 
toichiometric required concentration of O2 (mg/L )  to obtain complete oxidation of 
the feed (based on TOC) .  
In addition, overall rna s balance was also performed for the process to 
en ure that what has been put into the system is equal to the output. This was 
performed through the fol lowing common equation. 
Input = Output ( 1 2 ) 
'Where T Cmual is the initial total carbon of oil sludge (mg) fed to the reactor. TCfinal-
liqUid is the final total carbon of oil  sludge (mg) obtained in the l iquid product. Mass 
of CO + CO2 was then calculated from the above equation. 
2.2 sewn Appa ratus and Proced u re 
The experiments were conducted in a laboratory-scale in a continuous 
process system using a micro reactor with a volume of 1 0  ml, type 3 1 6  stainless steel 
( suppl ied by High Pressure Equipment Company. USA).  The reactor was rated to a 
maximum temperature and pressure of 426.66°C and 1 3 79 bar, respectively. The 
experimental setup shown in Figure 2 .4 was used for the SCWO of oil  sludge. All 
wetted parts from the pumps to the gas-liquid separator were made of stainless steel .  
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Figure 2A Process flow diagram of tbe experimental setup of SCWO process 
The apparatus consisted of the flowing items: 
1 Mixture Feed Tank, 2 Valve, 3 I SCO Syringe Pump (260D, TELEDYNE ISCO, 
USA), 4 Non Return Valve, S Valve, 6 Four-Way connection, 7 Pressure Gauge, 8 
Valve, 9 itrogen Cylinder, 10 Reducer, 1 1  Furnace, 12 Support, 13 Tubular coil 14 
Micro Reactor (MS,  High Pressure Equipment Company, USA), 15 Pressure Gauge, 
16 Thennocouple, 17 PicoLog-Thennocouple Data Logger (USB TC-08, Pico 
Technologies, UK), 18 Computer, 19 Micro-metering Valve, 20 Valve, 2 1  Gas­
Liquid Separator, 22 Valve, 23 Tedlar Gas Sampl ing Bag (GRT 090000, Nahla 
Medical Supplies, UAE) .  24 Valve, 25 Flask for Liquid Sampling, 26 Fan. 
Figure 2.5 shows an actual image of the experimental set-up. 
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Figure 2.5 Experimental setup of C WO process 
Typical feed mixture of 1 00 ml size was prepared for injection which 
comprised of 0.25 rnl oil sludge. 5 . 36  ml of hydrogen peroxide ( H20,:!) which is 
400% excess and remaining 94.4 1 ml deionized water. However, the feed sample 
composition was varied to study the effect of initial TOe and excess O2. The ISeO 
Syringe pump was used to pump the feed mixture into the micro reactor housed in a 
control led temperature furnace. The effective length of reactor was extended by 
adding a tubular coil ( 80 cm) before the reactor which was also housed within the 
furnace to ensure the desired temperature of the feedstock is attained prior to the 
entry of the reactor. A thermocouple was installed inside the micro reactor to 
monitor the process temperature using a Temperature Data Logger ( PicoLog 
Recorder) connected to a computer. Figure 2 .6  shows the difference between 
temperature recorded by the furnace and that of the thermocouple inside the reactor 
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after temperature tabi lization, which was assumed when the change in temperature 
was table at 0 . 1 °C/min. 11 temperatures reported in thi study are those recorded by 
the thermocouple inside the reactor. It is important to note that such long stabil izing 
times were u ed during each run to ensure thermal equi librium. The pressure was 
monitored at 1\'>;0 ditTerent points using pressure gauges.  One gauge was installed at 
the inlet point near the furnace and the other was installed in the micro reactor. The 
process flow rate was control led manually using micro-metering valve at the outlet 
of the micro reactor outside the furnace. This valve ensured that flow rate could be 
control led at desired levels of 1 ,  2 and 5 mllmin. To fine tune flow rate a throttl ing 
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Figure 2.6 Temperature cal ibration curves of used thermocouple versus furnace 
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7 1  
Each experiment started by vacuuming and purging the system with nitrogen 
2) to remove the re idual oxygen within the apparatus. The furnace then was 
\"itched on to increase the reactor temperature to the desired value. Enough time 
was given to stabil ize the temperature inside the reactor as discussed earl ier based on 
Figure 2 .6 .  After the temperature was stable, the syringe pump was fil led with the 
feed tock which was freshly mixed and pressurized to the desired pressure. The 
mixture \vas then sent to the reactor and allowed to stabilize the pressure. The 
temperature inside the reactor dropped when the fluid entered the reactor, but then 
slowly increased. The exit valve was opened and the products were col lected in the 
gas-l iquid separator. A typical temperature profile inside the reactor is shown in 
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Figure 2.7 A typical temperature profile inside the reactor when: T = 460oe, P = 250 bar, FR = 1 
ml min, t = 1 0  min, initial TOe = 2050 mg L, Excess O2 = 400% 
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Components to the downstream of the furnace were cooled using an external 
fan to ensure that flow rate and temperature inside the reactor do not fluctuate due to 
high temperature after the reaction. The output product was passed through a 
tainless steel l iquid-gas separator of 50 ml capac ity. The liquid was col lected at the 
bottom of the separator using convoluted tubing to maintain adequate liquid level 
inside the separator. The gas was col lected from the top of the separator in a Tedlar 
bag. Both outlets were control led using valves which were opened intermittently 
\vhen volume in the pump showed 5 1 .2 1  rnI, 36.2 1 m!, 27.2 1 rnl and 0 rnl to ensure 
that l iquid-gas separator does not overflow which is just half the size of feedstock 
and avoid fluctuation in the set pressure. The liquid valve was opened to col lect the 
l iquid product in droplet form and c losed before opening the top valve to collect the 
gases at each stage of the process. This ensured that l iquid did not escape along with 
the gas through the top outlet while maintaining enough pressure to push the gas to 
the Tedlar bag. Depending on the run condition. varying amount of l iquid was sent 
for TOC analysis after draining off 20 ml of the mixture and ensuring that the 
reaction temperature was stabi lized. After each run, the system was c leaned in steps 
as fol lows : 
• Cleaning by using a mixture of H202 and deionized water at 250 bar and 420°C .  
• Cleaning by deionized water at 250 bar and 420°C .  
• Cleaning by toluene at 50 bar and room temperature to remove any residuals 
fol lowed by flushing with deionized water at the same temperature and pressure 
to remove traces of toluene. 
• Cleaning again by deionized water at 250 bar and 420°C .  
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• leaning again by u ing a mixrure of H202 and deionized water at 250 bar and 
420°C .  
To check the effectiveness of  the cleaning process, samples were drawn at each 
stage of c leaning to monitor the TOC content of the liquid. The results showed that 
the TOC level achie ed at the end of c leaning was 3 mg/L which is same as the TOC 
level of deionized water. This confrrms the effectiveness of the c leaning process. 
As the experimental set up had small tubings ( 1 /8" and 1 1 1 6") and inner 
dimensions, large proportion of solid particles could not be handled. F irst few trial 
runs resulted in the blockage of the tubing. This also caused incomplete oxidation of 
the sample and generated unburned carbon and tars which deposited on the internal 
surface of the tube and reactor. This even led to the blast of the tubing. Therefore it 
was decided to remove the sol ids from the sample to the largest extent possible by 
using level fil tration. 
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2.3 Experimenta l  Errors 
This section de cribe the mam experimental errors found m the key 
device/equipment u ed during the experiments. 
Pressure Gauges 
The two pressure gauges used in the experiments were certified by the 
original manufacturer ( E  MA) to have accuracy of ± 1  % and ± 1 .6%. However, these 
gauges were sent to Procal Measuring and Control Equipment for calibration. The 
pre sure gauges were calibrated against a master gauge, which was cal ibrated using a 
primary pressure standard/traceable to international standard ( ENAS). The pressure 
gauges to be calibrated were connected to the master gauge. Pressure was applied to 
the pressure gauge at predetermined pressure increments over its full operating range 
from 0-700 bar. The value indicated by the pressure gauge was compared to the 
corresponding value indicated by the master gauge at each pressure increment. The 
percentage error between the two values was calculated and the gauge was adjusted 
as necessary. The uncertainty of measurement was recorded as ± 1 1 .63 bar with 
coverage factor k = 2 with a confidence level of 95%. Both pressure gauges 
certificates of calibration are provided in Appendix A.  
Thermocouple 
The l-type thermocouple was first calibrated by Procal Measuring and 
Control of Equipment using a master thermocouple, which was calibrated using a 
traceable instrument standard ( ENAS).  The applied temperature ranged from -20 to 
605°C .  The percentage error recorded was less than 0 .8%. The thermocouple 
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certificate of calibration is provided in Appendix A. The J-type thermocouple was 
al 0 calibrated in the laborator against the furnace temperature. Figure 2 .6 indicated 
in ection 2.2 shows the difference between temperature recorded by the furnace and 
that of the thermocouple inside the reactor after temperature stabi lization, which was 
a sumed when the change in temperature was stable at 0 . 1 °C/min. 
TOC- VCSH cs,v Analyzer 
The TOe analyzer was calibrated using a standard sample of 1 000 mglL, which 
was then diluted to 500 mgIL . A calibration curve of 500 mglL was generated and 
stored in the analyzer. This calibration curve was used for al l sample analysis. 
Deionized water sample, having a knO�ll TOe concentration of 3 mg/L was used to 
check the calibration. The system was flashed with deionized water before and after 
carrying out any TOe analysis by selecting the NPOC method to check the 
calibration and ensure that the TOe reading gives 3 mgiL which is the same original 
value of deionized water. 
GC 2014 SHlMADZU 
The GC was calibrated by using two standards calibration mixtures. The first 
mixture contained 1 0% eo2, 60% N2 and 30% O2, and the other mixture contained 
90% Helium and 1 0% eo . The calibration was done each time the Ge was used. No 
errors were noted as the results obtained showed exact percentages of the standards 
mixtures used. Therefore, the error was negligible. 
3.0 RESULTS A N D  D I SCUS S I ON 
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The effect of key operating conditions namely temperature, pressure, flow 
rate'reaction residence time, initial oil sludge and oxygen concentrations on CWO 
of oil  ludge were studied. TOe removal rate in the effluent was used as an 
indication of the extent of the oxidation reaction. Almost complete oxidation of oil 
sludge was obtained in al l experiments . 
The experiments were conducted in a micro reactor via a continuous process 
at reaction temperatures between 340-460°C, pressures between 200-300 bar, 
reaction times between 2- 1 0  minutes, initial oil sludge and oxygen concentrations 
between 4 1 0-2050 mgIL and 200-600%, respectively. The operating conditions that 
were investigated and the obtained TOe removal rates (%), CO and CO2 yield (%) 
and distribution of products containing carbon for each of the conditions are 
tabulated in Tables 3 . 1  and 3 .2 respectively. As can be seen from the tables, a 
maximum of 99.6%, 99.4% and 3% of TOe removal , CO2 and CO yield respectively 
were achieved with a Standard Deviation ( SD)  presenting 95% confidence levels at 
various conditions, thus, varying reaction conditions did not have any significant 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































It is to be noted that some samples were analyzed, for acetic acid 
(CH}COOH)  using a GC to check the presence of acetic acid within the liquid 
product. The re ults showed that less than 1 ppm of acetic acid concentration was 
detected in al l the amples. 
It is also worth mentioning that during col lection of the l iquid product 
amples. some gas bubbles were detected, indicating dissolved amounts of the gas in 
the samples. Amount of bubbles varied from one experiment to another. Lower 
operating temperatures and pressures resulted in generating higher amounts of 
bubbles within the l iquid product . 
3. 1 Effect of Reaction Tem peratu re 
Operating temperature has a great effect not only on the destruction of 
organic compounds in SCWO but also can lead to high corrosion, blockage and 
damage to the tubing of the system. This was evident during the last few 
experimental runs. Due to excessive use of the experimental set-up and high 
operating temperatures, pitting corrosion was noticed throughout the tubings, which 
were exposed to these high temperatures along with the reactor and the col lected 
l iquid products were brownish/orange in color. Figure 3 . 1  shows some of the 
contaminated products obtained from the experimental runs after corrosion took 
place. 
(a) (b) 
Figure 3.1 (a) Typical c lean product sample obtained from experimental runs (b) Uncommon 
contaminated product samples obtained from the experimental runs after corrosion 
8 1  
The effect of temperature on the reaction \\'as studied by varying the reaction 
temperature from 340-460°e .  This range was not only selected to study the effect of 
temperature on SCWO but also to explore the effect of temperature near the critical 
point of water on the reaction. During the experimental runs it was observed that 
flow rate plays a ital role in maintaining the process temperature. The fluctuation of 
flow rate affects the temperature. It is therefore, very important to control the flow 
rate to achieve the desired removal rate for TOe. In order to control the flow rate a 
proper cooling of the micro-metering valve, outlet tubing of the reactor and gas­
l iquid separator is required. Insufficient cooling to these parts may result in 
fluctuations of the flow rate, which wil l  negatively impact the process temperature. 
Therefore. cooling is essential to maintain the flow rate at a relatively constant value. 
It is to be noted that at the point of injection of feedstock, the process temperature 
suddenly drops by a steep trough in the temperature profi le .  This can be attributed to 
the initial low temperature of the feedstock at the point of injection. However, after 
few minutes the temperature wil l  increase unti l  it stabil izes. The nature of the 
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reaction taking place is exothermic. This was evident b the increase in temperatures 
(,6. T) over the time at each set of temperatures. The increase in temperature ranged 
from 4 to 1 0oe .  The TOe removal rate with respect to process temperatures is shown 
in Figure 3 .2 .  
100 

















Figure 3.2 Effect of reaction temperature on SCWO of oil s ludge at P = 250 bar, FR = 1 mllmin, t = 
1 0  min, initial TOe = 2050 mglL, Excess O2 = 400% 
It is evident that there is no direct correlation between the temperature and 
the TOe removal rate for the temperature range studied here. The TOe removal rate 
reached as high as 99.6% at the highest temperature used 4600e and 250 bar, which 
is at the supercritical state of the water. However, it must be noted that a good TOC 
removal rate of 99. 1 % was also achieved even near the critical temperature of water 
provided the flow rate does not fluctuate and process temperature is maintained over 
a long period of time. The carbon removed from the sludge was direct ly converted to 
C02. This is reflected by almost zero yield of CO combined with negligible presence 
of CH3COOH. The CO2 yield with respect to temperature fol lows the same trend of 
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TOC removal rate. This supports the hypothesis of conversion of carbon in the oil 
sludge into CO2 .  The maximum CO2 yield was 98 .6% at 460°C, the point at which 
maximum TOC removal rate was also achieved. Similarly near the critical 
temperature an appreciable CO2 yield (92 . 1 %) was achieved, which corresponds to 
significant amount of TOC removal of 99. 1 %. Yields % of CO and CO2 for SCWO 
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Figure 3.3 Yields ° ° of CO and CO2 for SCWO of oi l  sludge at different temperatures; P =250 bar. 
FR = 1 mllmin. t = 1 0  min. initial TOe = 2050 mglL. Excess 0) = 400% 
Figure 3 .4  shows the distribution of products containing carbon in the l iquid 
and gas. It can be clearly noticed that the highest carbon fraction achieved at various 
temperatures was in CO2 and it ranged from 0.92 to 0 .98 .  On the other hand, the CO 
fraction in the gas was almost zero at sub and supercritical temperatures. This was 
also appl icable to TOC fraction in the liquid product. The IC fraction was much less 
at supercritical condition compared to condition near the critical point of water. This 
can be attributed to the detected gas bubbles in the l iquid sample representing the 
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dis 01  ed amotmts of the gas as indicated earlier. It is suspected that the dissolved 
gas in the liquid could reflects CO:2 due to high CO:2 solubi lity in water at 1 atm and 
20°C compared to CO, 0:2 and 2 solubi lity in water. The comparative solubi lity of 
the ga e CO2, CO, 02 and :2 in \vater are pro ided in Appendix A [ 1 1 7] .  
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Figu re 3.4 Distribution of products containing carbon at different temperatures; P =250 bar, FR = I 
m! min, t = 1 0  m in, initial TOe = 2050 mg L, Excess OJ = 400% 
The effect of temperature on the oxidation process of various orgaruc 
compounds is different. Some compounds can be sensitive to temperature and can be 
oxidized radical ly during a certain temperature-rise period. whi le others are 
insensitive to temperature and need a high temperature to be completely oxidized 
[ 1 1 8] .  The reason of this sensitivity to temperature is attributed to the diverse nature 
of the molecular structures of the organic compounds. However, at present only little 
is  known about the relationship between temperature effect and the molecular 
structures [ 1 1 8] .  Since the oil  sludge used in these experiments consisted of complex 
compounds and molecular structures such as o lefins. alkanes and aromatics, the 
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pecific content of each of these groups present in the sample were not analyzed as 
thi wa beyond the cope of this study. However, by looking to the results obtained 
from the experimental lUll , it can be concluded that the compounds present in the 
sample are not sen itive to temperature even at subcritical condition. This means that 
any small change in temperature wil l  not lead to greater effect on oxidizing the oil 
ludge during a certain temperature-rise period . Therefore, no considerable 
temperature effect was noticed on the removal even at supercritical condition. In 
addition to above reason, other reasons can be attributed to the insignificant effect of 
temperature on TOe removal .  
At the subcritical temperature of 340oe,  water is in the liquid phase. At this 
temperature. the density of the water is more by 84% compared to the density at the 
highest supercritical temperature (4600e)  considered in this study. Higher density 
means higher solubi l ity of hydrocarbons in water and higher dielectric constant of 
\\'ater that leads to high polarity of water which is not in favor of oil sludge 
oxidation. However, after attaining supercritical temperature there is a phase change 
in water. Due to the uniformity of the phase and increase in temperature, the density 
fal ls to a level lower than liquid water density. This decrease in the density wil l  
result in a solubility decrease of hydrocarbons in water and a decrease in dielectric 
constant of water leads to less polarity of water which will be in favor of oil  s ludge 
oxidation. On the other hand, increase in temperature will increase the hydrocarbons 
volat i lity in sew which will result in increase of hydrocarbons solubility. In 
addition, increase in temperature wil l  decrease the dielectric constant of sew, which 
will result in decrease in polarity and increase in hydrocarbons solubi lity. On the 
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other hand, increa e in temperature will al 0 decrease the density in sew which wil l  
re ult i n  decrease in  hydrocarbons solubi lity. This i s  i n  l ine with research studies 
d ne in thi area to examine the effect of temperature on solubi l ity of gas and 
hydrocarbons in CWO process at constant pressure of 250 bar [34] .  In other words, 
there are everal competing factors which act against each other when temperature 
mcrea es. 0 it is the net effect of these competing factors which determines if the 
olubility increases or decreases as the temperature increases. This combined effect 
of temperature, density, solubil i ty, volatil ity, dielectric constant and polarity is 
responsible for insignificant effect of temperature on TOe removal . Figures 3 . 5  
i l lustrate the variation in  density \cvith respect to  temperature which supports the 
above hypothesis [ 1 1 9] .  
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Figure 3.5 Density versus temperature at constant pressure of 250 bar 
3.2 Effect of Reaction Pressu re 
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The effect of pre sure \\> as tudied at three different values 200, 250 and 300 
bar for \vhich the first pressure is near the critical pressure of water and the other two 
are supercritical . For the pres ures studied in this \vark, the effect of pressure on the 
Toe removal rate and eo and e02 yields was negl igible. It can be seen from Figure 
3 .6 that TOe removal rate (99 .6%) remained san1e upon an increase in pressure from 
a value of 200 bar to a supercritical values of 250 and 300 bar which implies that 
pressure did not have an significant effect on the TOe remo al rate even near the 
critical condition of water. This agrees vvith findings by other references [32. 5 1 ,  52] . 
The TOe removal rate with respect to process pressures is  shown in Figure 3 .6. 
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Figu re 3.6 Effect of reaction pressure on SCWO of oi l  sludge at T = .f60°C. FR = 1 mllmin, t = 1 0  
min, initial TOC = 2050 mglL, O] Excess = -100% 
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An almost complete oxidation of oil  sludge was achieved as CO2 yield 
ranged from 98 .5  to 99.4% �ith zero yield of CO and negl igible presence of 
CH3COOH. The CO2 yield with respect to pressure fol lows the same trend of TOC 
removal rate. Thi supports the theory of con ersion of carbon in the oil sludge into 
CO2. The maximum CO2 yield was 99.4% at 200 bar. Yields% of CO and CO2 for 
CWO of oil  sludge at different pressures are shown in Figure 3 .7 .  
1 00 
0-
0 80 '-" 
-0 
Q 
:;: 60 N 0 U 





1 50 200 250 
Pressure (bar) 
• 
------ C02 Yield 0 0 
-- CO Yie1d o o  
300 350 
Figure 3.7 Yields 0 0 of CO and CO2 for SCWO of oi l  sludge at different pressures; T = 460oe, FR = 
1 mllmin, f = 10 min, initial TOe = 2050 mg L. 0] Excess = 400% 
Figure 3 . 8  shows the distribution of products containing carbon in the liquid 
and gas. The highest carbon fraction achieved at various pressures was in CO2 and it 
was almost constant 0 .98-0.99 while, the CO fraction in the gas was almost zero at 
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Figure 3.8 Distribution of products containing carbon at different pressures; T = .J60°C, FR = 1 
m! min, f = 10 min. initial TOe = 2050 mgL. 0:: Excess = 400% 
At 200 bar pressure and 4600e \ ater is in vapor phase. However, with slight 
increase in pressure to 250 bar the water attain supercritical state. It is to be noted 
that at constant temperature, increase in pressure from 200 to 300 bar wil l  lead to 
increase of supercritical water density by 84%, which means increase in solubil ity of 
hydrocarbons in supercritical water, which wil l  be in favor of TOe removal. 
Conversely, the dielectric constant of supercritical water wil l  also increase upon 
density and pressure increase [ 1 20] . This increase wil l  result in a reduction of 
solubility of oil  sludge in supercritical water. This reduction wil l  not be in favor of 
the oxidation process of oil sludge in supercritical water. Hence, the combined effect 
of pressure, density, dielectric constant, polarity and solubility wil l  not have a 
significant removal of TOC and the TOe removal rate will remain constant. As all 
these factors counterbalance each other, the net effect on the TOe removal rate and 
CO and e02 yields is very negligible with the increase in pressure. Figures 3 .9  
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i l lu trate the variation in den it)' with respect to pres ure which supports the above 
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Figure 3.9 Density versus pressure at constant temperature of 460°C 
3.3 E ffect of Reaction Flow ratelResidence Time 
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The effect of flow ratelresidence time was also studied on the TOC 
conversIOn rate and CO and CO2 yield. Experiments were conducted at three 
different flow rates 1 ,  2 and 5 mVrnin corresponding to three different residence 
times of 1 0, 5 and 2 minutes, respectively. Theoretically speaking, reduction in flow 
rate wil l  allow more time for the process to complete and sufficient time for O2 to 
react with carbon and produce CO2. However, this is not always the case in SCWO 
process. Based on the extensive work done by different researchers to study the 
effect of flow rate/residence time on SCWO, it is generally bel ieved that such 
reactions are complete within few seconds to few minutes. Rice and Steeper ( 1 998)  
has studied seven common organic compounds including methanol,  phenol,  methyl 
9 1  
ethyl ketone, ethylene glycol, acetic acid, meth) lene chloride and 1 , 1 ,  1 -
trichloroethane. The results revealed that most o f  these compounds can be 
completely oxidized when temperature is over 5500e and residence time is 20 
seconds [ 1 2 1 ] . In addition to thi Ahn et al . ( 1 998 ) has carried out a research on 
oxidation characteristics of phthalic and adipic acids in sew and found that more 
than 99°/0 removal can be easily accomplished for both acids when temperature is 
above 4500e at 2 minutes. Extending reaction time had little influence on the TOe 
removal rate when temperature was above 450°C [ 1 22 ] .  Yaqin Tan and his 
co\vorkers have recently found that for some compounds at low destruction 
temperatures (250-2900e) ,  the TOe remo al is decreased l inearly with increase in 
residence time and was less than 60% in 7 .6 minutes .  These compounds were 
partially oxidized during the t ime from 2 to 7 .6 minutes, and extending residence 
time could appreciably improve the TOe removal of the outlet samples while in 
supercritical reactions, the oxidation wil l  be complete within a short time and 
extending of the residence time wil l  have no significant effect on the decomposition 
of the organic compounds [ 1 1 8 ] .  
For the conditions studied i n  this work, it was observed that the effect of 
increasing the residence timelreducing the flow rate did not yield much benefit on 
the TOe removal at supercritical condition due to the fact that the chemical reaction 
at supercritical temperature occurs instantaneously but it might have an effect at 
subcritical condition. However, this was not investigated as it was outside the scope 
of this study. TOe removal of 99.6% was achieved at 1 0  and 99.3% at both 5 and 2 
minutes respectively .  Figure 3 . 1 0  shows the effect of flow rate on TOe removal . 
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Figure 3. 1 0  Effect of flow rate on SCWO of oi l  sludge at T = -160°C, P = 250 bar, initial TOC= 
_ 050 mg'L, Excess 0: = -100% 
On the other hand, CO2 yields were of 99.4, 90.74 and 94 .86% at 1 0  5 and 2 
minutes, respectively and zero yield of CO was obtained at 1 0  minutes but 3 .2% was 
obtained at lower residence time. Thus, by looking to the TOe removal rate achieved 
and yielded CO and CO2_ it can be concluded that higher residence time does not 
have any significant effect on the oxidation process. However. higher residence time 
may improve the removal rate at subcritical condition. Yields% of CO and CO2 for 
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Figure 3. 1 1  Yields of CO and CO2 for SCWO of oi l  sludge at different flov. rates; T = 460"C, P = 
250 bar, initial TOC = 2050 mg L, Excess OJ = 400% 
Figure 3 . 1 2  shows the distribution of products containing carbon in the liquid 
and gas. The highest carbon fraction achieved at various flow rateslresidence times 
was in CO2 0.9 1 -0.98 whi le, the CO fraction in the gas was zero at 1 0  minutes, 0 .32 
at 5 and 2 minutes. The TOC and IC fractions were very small and remained 
constant. 
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Figure 3. 1 2  Distribution of products containing carbon at different flow rates; T = 460°C, P = 250 
bar. initial TOe = 2050 mgL, Excess O� = 400% 
3.4 Effect of E xcess O2 
It is wel l known that under perfect or stoichiometric oxidation, the correct 
amounts of carbon and oxygen are chemically combined so that both constituents are 
total ly oxidized with no combustibles or uncombined oxygen remaining in the gas 
stream. When there is  insufficient O2 available to complete the oxidation process, 
some of the carbon wil l  be unburned resulting in inefficient and undesirable 
emissions such as CO and smoke. Though it is important to supply the oxidation 
process with the required amount of excess O2, but it is also important to know how 
much excess O2 is needed for such process to ensure that the oxidation is complete 
and whether it has a significant effect on the reaction or not . Therefore, effect of 
excess O2 was also studied on the removal rate of TOe and CO and CO2 yields. 
Three different amounts of O2 (200, 400 and 600% excess) were used to study this 
effect considering that 1 00% is the stoichiometric amount of O2 required for the 
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reaction. Thus, 200, 400 and 600% excess means double, quadruple and six times the 
stoichiometric amount of 02. 
The experiments showed that TOe removal rate of 99.6% and CO and CO2 
yields of zero and 99%, respecti ely remained unaffected with higher O2 presence. 
This indicates that carbon gets oxidized completely even when excess O2 supplied is 
200%. orne experiments were conducted earlier at the stoichiometric amount of O2 
but fowld that the oxidation is incomplete as high TOe concentration was noticed in 
the l iquid sample and less amount of CO2 was obtained in the gas stream. 
Theoretically speaking this amount should be sufficient for complete reaction. 
Ho\-,'ever, supplying excess O2 to the reaction wil l  ensure complete oxidation of oil  
sludge. It is expected that between 1 00 to 200% excess O2 some effect of excess O2 
on TOe removal and CO and CO2 yield wil l  be noticed. However, this was not 
investigated in this study. The results obtained from these experiments were in l ine 
Vvith many other research studies done in this area [ 1 23 ,  1 24. 1 25 ,  1 26, 1 27] . In order 
to ensure that oi l  sludge oxidized completely, excess O2 of 400% was selected. 
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Figure 3. 1 4  Yields% of CO and C02for SCWO of oi l  sludge at different excess O2; T = 460°C, P = 
250 bar, FR = 1 mllmin, t = 1 0  min, initial TOC = 1 000 mglL 
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Figure 3 . 1 5  how's the distribution of products containing carbon in the liquid 
and gas. The highe t carbon fraction achieved at various excess of O2 was in CO2 
(0 .99) while the CO fraction in the gas was zero which indicate complete oxidation 
of carbon. The TOe and IC fractions were very small and remained constant. The 
comparative solubil ity of the gases CO2, CO, O2 and N2 in water are provided in 
Appendix A. 




















Figure 3. 1 5  Distribution of products containing carbon at d ifferent excess O2; T = 4600e. P = 250 
bar, FR = 1 ml min. t = 10 min, initial TOe = 2050 mg/L 
3.5 Effect of I n itial TOe 
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It is obvious that for a chemical reaction to occur, the reacting particles must 
collide. However, not al l coll isions are effecti e or may result in a reaction. In order 
for a coll ision to be successful, partic les need to have proper orientation and enough 
speed or kinetic energy and minimum amount of activation energy at the moment of 
impact to break the existing bonds to form new bonds. This results in the products of 
the reaction. It is wel l  known that increasing the concentration of the reactant 
particles or raising the temperature, wil l  result in more collisions. which wil l  increase 
the rate of the reaction. When a catalyst is involved in the colli sion between the 
reactant molecules. less energy wil l  be required for the chemical change to take place 
and hence more coll isions will have sufficient energy for reaction to occur. The 
reaction rate therefore increases. 
In this study. the effect of initial TOe was also studied on the rate of the 
removal of TOe and eo and e02 yields. Three samples of different concentrations 
of Toe (4 1 0. 820 and 2050 mg/L) were used in the experiments. It was noticed that 
the effect of initial TOe in the sample was almost negligible. The highest TOe 
removal achieved was 99.6% at 2050 mg/L . Nevertheless, 98 .7 and 98 .9% were also 
achieved at 4 1 0, and 820, respectively which indicate that the effect is insignificant 
on TOe removal . The reason for this could be due to the separation taking place 
within the feedstock. It was observed that even by mixing the feedstock properly 
before pumping it, the oil  wil l  get separated from water and oxidant within few 
minutes as it is immiscible in water. Though, the entire quantity of sample is 
injected, the full quantity of oil  may not be reaching the core of the reactor as some 
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of it may get trapped in other component l ike coiL reactor, joints, etc . Therefore, 
this re ulted in keeping the 0 erall effect of initial TOe on TOe removal and eo 
and e02 yield almost constant. The phenomena of separation may have a bearing on 
other studied parameters as wel l .  Therefore, no effect was observed on TOe removal 
and CO and e02 yields. Figure 3 . 1 6  shows the effect of initial TOe on TOe 
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Figure 3. 1 6  Effect of initial TOe on sewo of oi l  sludge; T = .f60"C. P = 250 bar, FR = J m/lmin, t 
= 1 0  min, Excess 0] = 400% 
The CO2 yield achieved was 94.5 ,  97.4 and 98 .6% at 4 1 0, 820 and 2050 
mgIL respectively. On the other hand eo yield showed zero at higher concentrations 
of 820 and 2050 mglL and 0 .64% at the lowest concentration of 4 1 0  mg/L. Figure 
3 . 1 7  shows the effect of initial TOe, and CO and e02 yields. 
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Figu re 3. 1 7  Yieldso ° of CO and CO2 for SCWO of oil sludge at different concentrations of initial 
Toe T = 460°C, P = 250 bar, FR = 1 ml min, t = 10 nun, Excess O} = 400% 
Figure 3 . 1 8  shows the distribution of products containing carbon in the l iquid 
and gas. The highest carbon fraction achieved at various initial TOe was in e02 
(0 .986) while the eo fraction in the gas was zero with very small fraction detected at 
4 1 0  mg/L. This indicates complete oxidation of carbon. The TOe and Ie fractions 
were very small and remained constant . 
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Figure 3. 1 8  Distribution of products containing carbon at different concentrations of initial TOe; T = 
-I6rtc' P = 250 bar. FR = 1 m! min. t = 1 0  min. Excess 01 = -100% 
The analysis of various results showed that all experimental runs at 
supercritical conditions and near the critical point of water have yielded TOe 
concentration levels far below the requirements of standard set by UAE authorities. 
They even meet more stringent requirements of 99.99% set by EU. The following 
figure shows results obtained in various runs conducted at different conditions. Each 
point shown in the Figure 3 . 1 9  represents the average of 3-6 runs of set of operating 
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Figure 3. 1 9  F inal TOe (mg/L) versus conditions of experimental runs 
After studying the effect of different parameters mentioned above and on the 
basis of the fact that all the carbon present has been converted to C02 at a lower 
operating cost. it can be concluded that the process can be optimized at the following 
values of parameters to obtain the best results for TOC removal and CO2 and CO 
yields (Table 3 .3 ) .  
Table 3.3 Optimum operating conditions for continuous sewo process for o i l  s ludge 
Parameter Opt imum level TOe Removal Rate CO Yield CO2 Yield 
( % )  ( %) ( %) 
Temperature (0C )  460 
Pressure (bar) 200 
Flow rate (mllmin) 1 
99.6 0 99.4 Residence Time (min) 1 0  
Initial TOD (mg/L) 2050 
Excess O2 (%) 400 
4.0 CONCLUS I ON 
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Traditional methods of treatment and disposal of organic waste have their 
adverse side effects on the environment and they cannot keep pace with the rate at 
which the \ aste is being generated. In view of this, we need to overcome all the 
chal lenges a sociated with modem techniques of waste disposal . Despite, the 
limitations and disadvantages of SCWO technology in terms of corrosion, salt 
precipitation/plugging and high cost, various efforts are being made in different 
countries to improve the process. Research in the field has the potential to make the 
SCWO teclmology a preferred solution for organic waste disposal. This thesis is an 
effort towards validating this teclmology in treating oil  s ludge. 
In this study, treatment of oil  sludge by SCWO was performed in a micro 
reactor using a continuous process over temperature ( 340-460oC),  pressure (200-300 
bar), flow rate ( 1 -5 mlImin) which indicates reaction time of 2- 1 0  minutes, initial 
TOC concentration in the sample (4 1 0-2050 mglL) and excess O2 ranging from 
(200-600%).  
Results of the SCWO experiments showed almost complete removal of TOC 
and high yields of CO2 indicating complete oxidation reaction. All the five 
parameters investigated in this study had no effect not only on TOC removal but also 
on CO2 and CO yields. Optimal operating conditions for such set-up were found to 
be at 460°C, 200 bar, 1 ml/min which indicates a residence time of 1 0  min, 2050 
mglL and 400% excess oxygen. At this condition 99.6 % TOC removal rate was 
achieved with 99.4 and 0% CO2 and CO yields, respectively. 
The results also meet the regulatory requirements set out by environmental 
authorities within UAE as wel l  as by EU which are more stringent. 
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These encouraging results were achieved by running the experiments at a 
laboratory scale. This is the first continuous process for SCWO of oil  sludge, which 
wa u ed to treat a local sample obtained from the bottom of oil storage tank within 
the AE. 
5.0 RECOM M E N DA T I O N S  
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Ba ed on these laboratory scale experiments it can be concluded that the 
propo ed technology can be expanded to a pilot scale while keeping the following 
recommendations in mind : 
• As the process is exothermic in nature a lot of heat is generated as a 
byproduct, further research should be canied out to uti l ize this thermal 
energy. 
• A venues should be explored to recirculate the generated water into the 
process to minimize the operating cost as wel l as the waste. 
• In the lab scale experiments, the flow rate was control led manually using 
the control valves . However, in the pilot scale this should be achieved 
using microprocessor based technologies for control of flow rate. 
• The oil  sludge should be pretreated by supercritical CO2 to extract free oil  
from the feedstock so that SCWO is used only for destruction of non­
extractable oi l .  This CO2 can be obtained as a byproduct of the current 
process. The extracted oil  can be used for other applications. 
• Alternate methods of c leaning the equipment should be explored as the 
CUlTent process uses large amount of toluene. water and hydrogen 
peroxide after each run. 
• CUlTently a mixture of oi l ,  hydrogen peroxide and water is being injected 
in the reactor using a single pump; therefore, they may react with each 
other even at subcritical conditions or even get separated before injection 
and before reaction take place. Instead, if they are injected separately 
1 08 
using two different pump it can be ensured that the reaction takes place 
onl) at supercritical conditions. 
• Sudden drop in temperatures were observed due to variation in flow rates. 
This can be avoided if oxidant (hydrogen peroxide) and media (water) are 
preheated using coi led tubing before injecting to the reactor. 
• A real time gas analyzer should be attached to the experimental set-up to 
allow direct and continuous analysis of the gas product. 
• Kinetics of the reaction should be studied . 
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Figure 7. 1 Solubi l ity of Carbon Monoxide (CO) gas in water at l atm ( 1 0 1 .325 kPa = 1 bar) and 
different temperatures [ 1 1 7] 
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Figure 7.2 Solubil ity of Carbon Dioxide (C02) gas in water at 1 atm ( 1 0 1 .325 kPa = 1 bar) and 
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Figure 7.3 Solubil ity of Oxygen (02) gas in water at l atrn ( 1 0 1 .325 kPa = 1 bar) and different 
temperatures [ 1 1 7] 
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Figure 7.4 Solubi l ity of Nitrogen (N2) gas in water at l atm ( 1 0 1 .325 kPa = 1 bar) and different 
temperatures [ 1 1 7] 
